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❤✉♠❛✐♥❡s ❡t s❝✐❡♥t✐✜q✉❡s✱ ❡♥ ❋r❛♥❝❡ ❝♦♠♠❡ à ❧✬✐♥t❡r♥❛t✐♦♥❛❧✳ ❏✬❛✐ ♣✉✱ à tr❛✈❡rs ✉♥ ♣r♦✲
❥❡t ❛♠❜✐t✐❡✉①✱ ❛❜♦r❞❡r ❞❡ ♥♦♠❜r❡✉s❡s t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡t ❧❡s ✈❛❧✐❞❡r ♣❛r ✉♥❡
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❏❡ r❡♠❡r❝✐❡ ❧❡s ♠❡♠❜r❡s ❞✉ ❥✉r② ♣♦✉r ❛✈♦✐r ❛❝❝❡♣té ❞❡ ❥✉❣❡r ♠♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡
❡t ❞❡ ♠✬❛✈♦✐r ❛❝❝♦r❞é ❧❡✉r ♣❧✉s ❣r❛♥❞❡ ❝♦♥✜❛♥❝❡ ♣♦✉r ♠♦♥ ❛✈❡♥✐r s❝✐❡♥t✐✜q✉❡✳
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♣❡r♠✐s ❞❡ ✈✐✈r❡✱ t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❙♦♣❤✐❡ ❇♦♠❜❛r❞ ❡t ❉✐❛♥❛ ❖✈❡r✳ ●râ❝❡ à ❧❡✉r
❡♥s❡✐❣♥❡♠❡♥t✱ ❥✬❛✐ ♣✉ ♠❡ r❛♣♣❡❧❡r ♣♦✉rq✉♦✐ ❥✬❛✈❛✐s ❞é❝✐❞é ❞✬❛❜❛♥❞♦♥♥❡r ❧â❝❤❡♠❡♥t
❧❡ tr❛✈❛✐❧ ❡①♣ér✐♠❡♥t❛❧ ❡♥ ❜✐♦❧♦❣✐❡ ✭t♦✉t ❞✉ ♠♦✐♥s ré❞✉✐r❡ s❛ ♣❛rt ❞❛♥s ♠♦♥ tr❛✈❛✐❧
❞❡ r❡❝❤❡r❝❤❡ à ✉♥❡ ❢r❛❝t✐♦♥ ✐♥✜♠❡✮ ♠❛✐s ❛✉ss✐ ❞é❝♦✉✈r✐r ❞❡ ♥♦♠❜r❡✉① ❞♦♠❛✐♥❡s ♠❛❧
❝♦♥♥✉s ♦✉ ✐♥❝♦♥♥✉s✱ ❜✐♦❧♦❣✐q✉❡s ❡t ❝❤✐♠✐q✉❡s✳ ❆ tr❛✈❡rs ❧✬❡♥s❡✐❣♥❡♠❡♥t ❞❡ ❉✐❛♥❛ ❡t
❞❡ s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ✭q✉❡ ❥❡ r❡♠❡r❝✐❡ ✐❝✐ ❡♥❝♦r❡ ✉♥❡ ❢♦✐s✮✱ ❥✬❛✐ ♣✉ ♠❡ttr❡ à ❥♦✉r ♠❡s
❝♦♥♥❛✐ss❛♥❝❡s ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥✐q✉❡ ❡t ❞é❝♦✉✈r✐r ❧❡ ♠♦♥❞❡ ♠❡r✈❡✐❧❧❡✉① ❞❡ ❧❛ ❝❤✐♠✐❡
✐♥♦r❣❛♥✐q✉❡✱ ❜✐❡♥ ♣❧✉s r✐❝❤❡ q✉❡ ❥❡ ♥❡ ❧✬❛✉r❛✐ ✐♠❛❣✐♥é✳
❏❡ r❡♠❡r❝✐❡ ❛✉ss✐ ❧❡s ét✉❞✐❛♥ts ❡t ♣♦st✲❞♦❝t♦r❛♥ts q✉✐ ♦♥t ♣❛rt❛❣é ❧❛ ♠ê♠❡ ❛✈❡♥t✉r❡
q✉❡ ♠♦✐ ❞✉r❛♥t ❝❡s ❧♦♥❣✉❡s ❛♥♥é❡s ✿ ❖❧✐✈✐❡r ❉❡❧❛❧❛♥❞❡✱ ▼❛r❦✉s ❉r✉♠♠✱ ❱ér♦♥✐q✉❡
▼♦♥t❥❛r❞❡t✲❇❛s✱ ❙❛♥❞r✐♥❡ P❡rr✐❡r✱ ▼✐❣✉❡❧✲❆♥❣❡❧ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s✳ ❆ tr❛✈❡rs ♥♦s ❧♦♥❣✉❡s
❞✐s❝✉ss✐♦♥s s✉r ♥♦s t❤è♠❡s ❞❡ ♣ré❞✐❧❡❝t✐♦♥ ✭❧❛ t❤ès❡✱ ❧❛ s✉♣❡r✈✐s✐♦♥✱ ♣❛r❢♦✐s ❧❛ ♠❛❧❛❞✐❡
✳✳✳✮ ❞❡ ♥♦♠❜r❡✉① ♠♦♠❡♥ts ♦♥t été ♣❛rt❛❣és✱ très r✐❝❤❡s ❡♥ ❡♥s❡✐❣♥❡♠❡♥t✱ q✉✐ ♠✬♦♥t
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♣❡r♠✐s ❞❡ ♠ûr✐r ♠❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ✈✐❡✳ ◆♦✉s ❛✈♦♥s ♠❛✐♥t❡♥❛♥t t♦✉s s✉✐✈✐ ❞❡s ✈♦✐❡s
♣❛r❛❧❧è❧❡s ❡t s❛♥s ♥✉❧ ❞♦✉t❡ ♥♦✉s s❡r♦♥s ❛♠❡♥és à ♥♦✉s r❡♥❝♦♥tr❡r ❞❛♥s ♥♦tr❡ ❢✉t✉r
♣r♦❢❡ss✐♦♥♥❡❧✳
❯♥ ❣r❛♥❞ ♠❡r❝✐ t♦✉t ♣❛rt✐❝✉❧✐❡r à ▼✐❣✉❡❧✲❆♥❣❡❧ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ♣♦✉r ♠✬❛✈♦✐r ❢❛✐t
❜é♥é✜❝✐❡r ❞❡ s❛ ❣r❛♥❞❡ ❡①♣ér✐❡♥❝❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♠♦❧é❝✉❧❛✐r❡ ❡t
❞❡s s✉❜t✐❧✐tés ❞❡s ❞✐✛ér❡♥ts ♣r♦❣r❛♠♠❡s ❞✬❆▼❇❊❘✳ ❯♥ ❛✉tr❡ ❣r❛♥❞ ♠❡r❝✐ à ❱ér♦♥✐q✉❡
▼♦♥t❥❛r❞❡t✲❇❛s ♣♦✉r ❛✈♦✐r ♣❛ssé ❞❡ ❧♦♥❣✉❡s ❤❡✉r❡s à ♠✬❡♥s❡✐❣♥❡r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t
❞❡ ♥♦s ❝❤èr❡s ✈✐❡✐❧❧❡s ❍P▲❈ ❡t s✉rt♦✉t ❧❡s s✉❜t✐❧✐tés ❞❡ ♣✉r✐✜❝❛t✐♦♥ ❡t ❞✬❛♥❛❧②s❡ ❞❡s
❛❞❞✉✐ts ♣❧❛t✐♥és✳
❉❛♥s ❧❡ ❝❛❞r❡ ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s q✉✐ ♦♥t ❢❛✐t ❧❛ r✐❝❤❡ss❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡✱ ✉♥
❣r❛♥❞ ♠❡r❝✐ à ❚✳ ❙❦❛✉❣❡ ♣♦✉r s♦♥ ❛✐❞❡ ♣ré❝✐❡✉s❡ ❞❛♥s ❧✬❛♥❛❧②s❡ ❘▼◆ ❡t à ❊✳ ❙❧❡tt❡♥
♣♦✉r ❧✬❛❝❝✉❡✐❧ ❛✉ s❡✐♥ ❞❡ s♦♥ ❧❛❜♦r❛t♦✐r❡ ❞✉r❛♥t ♠♦♥ sé❥♦✉r ◆♦r✈é❣✐❡♥✳ ❚❛❦❦ ❢♦r ❞❡t
❣❧✐♠r❡♥❞❡ ❛r❜❡✐❞❡t ✈✐ ❤❛r ❣❥♦rt s❛♠♠❡♥ ✦
▼❡r❝✐ à ❇✳ ❍❛rt♠❛♥♥ ❡t ❉✳ ❉❥✉r❛♥♦✈✐➣ ♣♦✉r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ s✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ✜♥❡
❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❆❉◆ ❡t s✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s s♦✉s✲ét❛ts ❇■ ❡t
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❏✲▼✳ ❚❡✉❜❡♥✳
❈❡tt❡ t❤ès❡ ♥✬❛✉r❛✐t ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ♣✉ êtr❡ ré❛❧✐sé❡ s❛♥s ❧❡ ✜♥❛♥❝❡♠❡♥t ❛♣♣♦rté
♣❛r ✓ ❚❤❡ ❆ss♦❝✐❛t✐♦♥ ❢♦r ■♥t❡r♥❛t✐♦♥❛❧ ❈❛♥❝❡r ❘❡s❡❛r❝❤ ✭❆■❈❘✮ ✔✱ ❥✬❡s♣èr❡ ❛✈♦✐r
❛♣♣♦rté ♠❛ ♠♦❞❡st❡ ❝♦♥tr✐❜✉t✐♦♥ à ❧❛ ❧✉tt❡ ❝♦♥tr❡ ❧❡ ❝❛♥❝❡r✳ ❏❡ ♣❡♥s❡ ❛✈♦✐r ✉t✐❧✐sé ❤♦♥✲
♥êt❡♠❡♥t ❡t sér✐❡✉s❡♠❡♥t ❧✬❛r❣❡♥t ❞❡s ♣❡rs♦♥♥❡s q✉✐ ❢♦♥t ❝♦♥✜❛♥❝❡ à ❝❡tt❡ ❛ss♦❝✐❛t✐♦♥
♣♦✉r ❧✉tt❡r ❝♦♥tr❡ ❧❡ ❝❛♥❝❡r✳
▲❡ ✜♥❛♥❝❡♠❡♥t ✐♥❞✐r❡❝t ❞❡ ❧❛ ✜♥ ❞❡ ♠❛ t❤ès❡ ❛ été ❧✬♦❝❝❛s✐♦♥ ❞❡ ré❛❧✐s❡r ✉♥ rê✈❡✱
tr❛✈❛✐❧❧❡r ❝❤❡③ ✉♥ ❛❝t❡✉r ♠❛❥❡✉r ❞❡s ▲♦❣✐❝✐❡❧s ▲✐❜r❡s ✿ ▼❛♥❞r❛❦❡s♦❢t ❞❡✈❡♥✉ ▼❛♥❞r✐✈❛
❞✉r❛♥t ♠❛ ♣ér✐♦❞❡ ❞❡ tr❛✈❛✐❧✳ ❈❡tt❡ ♣❡rs♣❡❝t✐✈❡ s❛✉❣r❡♥✉❡ ❡♥ ❞é❜✉t ❞❡ t❤ès❡ ❛ été
❧✬♦❝❝❛s✐♦♥ ❞❡ ✈❛❧✐❞❡r ♠❛ ♣r♦❢♦♥❞❡ ❝♦♥✈✐❝t✐♦♥ q✉❡ ❧❡s ▲♦❣✐❝✐❡❧s ▲✐❜r❡s ❡t q✉❡ ❧❡s ❛❝t❡✉rs
q✉✐ ② ❝♦♥tr✐❜✉❡♥t✱ q✉✬✐❧s ❢✉ss❡♥t s✐♠♣❧❡s ♣❛rt✐❝✉❧✐❡rs ♦✉ ❞❡s s♦❝✐étés ❝ôté❡s ❡♥ ❜♦✉rs❡✱
♦♥t ✉♥ rô❧❡ ♠❛❥❡✉r à ❥♦✉❡r ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❍✉♠❛♥✐té✳ ❏✬❛✐ ❝❤♦✐s✐ ❞❡♣✉✐s ❞✬♦r✐❡♥t❡r
♠❛ ❝❛rr✐èr❡ ✈❡rs ❧❛ r❡❝❤❡r❝❤❡ ♠❛✐s ❥❡ ❝♦♠♣t❡ ❜✐❡♥ ❝♦♥t✐♥✉❡r à ♠✬✐♠♣❧✐q✉❡r ❞❛♥s ❝❡tt❡
❢♦r♠✐❞❛❜❧❡ ❝♦♠♠✉♥❛✉té✳ ▼❡r❝✐ à t♦✉s ❝❡✉① q✉❡ ❥✬❛✐ r❡♥❝♦♥trés ❞✉r❛♥t ❝❡s ♥♦♠❜r❡✉s❡s
❡①♣ér✐❡♥❝❡s✱ q✉✐ ♠✬♦♥t ♣❡r♠✐s ❞✬❛✈❛♥❝❡r q✉❛♥❞ ❥❡ ❜❧♦q✉❛✐s s✉r ✉♥ s❝r✐♣t✱ ✉♥ ♣r♦❣r❛♠♠❡✱
✉♥❡ ♣❡r♠✐ss✐♦♥ ❞❡ ✜❝❤✐❡r ✳✳✳
✈▲❡ ❈♦♥s❡✐❧ ❣é♥ér❛❧ ❞❡ ❙❛✐♥t✲P✐❡rr❡ ❡t ▼✐q✉❡❧♦♥ ❡t ✐♥❞✐r❡❝t❡♠❡♥t t♦✉s ❧❡s ❤❛❜✐t❛♥ts
❞❡ ❧✬❛r❝❤✐♣❡❧ q✉✐ ♠✬♦♥t ♣❡r♠✐s ❞✬❛rr✐✈❡r ❛✉ t❡r♠❡ ❞❡ ❝❡s ét✉❞❡s à tr❛✈❡rs ✉♥❡ ♣♦❧✐t✐q✉❡
✈♦❧♦♥t❛r✐st❡ ❛✣❝❤é❡ ❡t ❛♠❜✐t✐❡✉s❡✳ ❇✐❡♥ q✉✬ét❛♥t ♣r♦♠✐s à ✉♥ ❛✈❡♥✐r ❤♦rs ❞❡ ♥♦s ♠❛✲
❣♥✐✜q✉❡s î❧❡s✱ ❥❡ s✉✐s très ✜❡r ❞❡ ✈❡♥✐r ❞✬✉♥ ♣❛②s ❞❡ ♠❛r✐♥s✳ ◆♦s ❛♥❝êtr❡s ❛✈❛✐❡♥t ❢❛✐t ❧❡
❝❤♦✐① ❞✉ ❞ér❛❝✐♥❡♠❡♥t ✈❡rs ❧✬❛r❝❤✐♣❡❧ ♣♦✉r ✬t❡♥t❡r ❧✬❛✈❡♥t✉r❡✬✱ ❥❡ ♠❡ r❡tr♦✉✈❡ ❜✐❡♥ ♠❛❧✲
❣ré ♠♦✐ ❝♦♥tr❛✐♥t ❞❡ ❢❛✐r❡ ❧❡ ❝❤❡♠✐♥ ✐♥✈❡rs❡✳ ❏✬❡s♣èr❡ q✉❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ♣❡r♠❡ttr❛
♣❛r s❛ ♠♦❞❡st❡ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❢❛✐r❡ ♠✐❡✉① ❝♦♥♥❛îtr❡ ❧✬❛r❝❤✐♣❡❧✱ ❡♥ t♦✉s ❝❛s✱ ♠♦✐✱ ❥❡ ♥❡
♣❡r❞s ❥❛♠❛✐s ✉♥❡ ♦❝❝❛s✐♦♥ ❞❡ ❢❛✐r❡ ❧❛ ♣✉❜❧✐❝✐té ❞❡ ❧❛ ❜❡❛✉té ❞❡ ❝❡❧✉✐✲❝✐ ❡t ❞❡ ❧❛ ❝❤❛❧❡✉r
❤✉♠❛✐♥❡ ❞❡ s❡s ❤❛❜✐t❛♥ts✳
▲❡s ❞❡r♥✐❡rs r❡♠❡r❝✐❡♠❡♥ts ✐r♦♥t à ♠❡s ♣❛r❡♥ts ❡t à ♠❛ ❢❛♠✐❧❧❡ ♣♦✉r ❧❡✉r s♦✉t✐❡♥
✐♥❞é❢❡❝t✐❜❧❡✱ ❡t à ❈❤r✐st❡❧❧❡ q✉✐ ❛ ♣❛t✐❡♠♠❡♥t ♣❛ssé ❞❡ ❧♦♥❣✉❡s ❤❡✉r❡s à ♠❡ s✉♣♣♦rt❡r
❡t à ♠✬❛✐♠❡r✳
✈✐
❘és✉♠é
▲❡ ❝✐s♣❧❛t✐♥❡ ✭♦✉ ❝✐s✲❞✐❛♠♠✐♥❡✱ ❞✐❝❤❧♦r♦✲♣❧❛t✐♥❡✮ ❡st ❧✬✉♥ ❞❡s ❝♦♠♣♦sés ❝❤✐♠✐q✉❡s
❧❡s ♣❧✉s ✉t✐❧✐sés ❛❝t✉❡❧❧❡♠❡♥t ❡♥ ❝❤✐♠✐♦t❤ér❛♣✐❡ ❛♥t✐❝❛♥❝ér❡✉s❡✳ ❉❡♣✉✐s ❧❛ ❞❡s❝r✐♣t✐♦♥
❞❡ s❡s ♣r♦♣r✐étés ❛♥t✐❝❛♥❝ér❡✉s❡s ♣❛r ❇✳ ❘♦s❡♥❜❡r❣ ❡♥ ✶✾✻✺ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ♦♥t
été ❡✛❡❝t✉és ❛✜♥ ❞❡ ❞é❝r✐r❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ ❧✉✐ ❝♦♥❢ér❛♥t s❡s ♣r♦♣r✐étés ❛♥t✐t✉✲
♠♦r❛❧❡s✳
❆ tr❛✈❡rs ✉♥❡ ❛♣♣r♦❝❤❡ ♦r✐❣✐♥❛❧❡ ❝♦✉♣❧❛♥t ♠♦❞é❧✐s❛t✐♦♥ ❡t tr❛✈❛✐❧ ❡①♣ér✐♠❡♥t❛❧✱ ❧❡s
r❡❝❤❡r❝❤❡s ré❛❧✐sé❡s ❞✉r❛♥t ♠❛ t❤ès❡ ♦♥t ♣❡r♠✐s ❞✬é❧✉❝✐❞❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡
❞✬✉♥ ❛❞❞✉✐t ♣❧❛t✐♥é s✉r ❧❛ séq✉❡♥❝❡ 5
′
✲●❈❈●✯●✯●❚❈●❈✲3
′
✴ 5
′
✲●❈●❆❈❈❈●●❈✲3
′
✭●✯ r❡♣rés❡♥t❡ ✉♥❡ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✮✳ ❈❡tt❡ str✉❝t✉r❡ ❛ été ❝♦♠♣❛ré❡ à ❝❡❧❧❡ ❞❡ ❧✬❛❞❞✉✐t
❆❉◆✲❝✐s♣❧❛t✐♥❡ ❞ét❡r♠✐♥é❡ ♣ré❝é❞❡♠♠❡♥t ❛✉ ❧❛❜♦r❛t♦✐r❡ s✉r ❧❛ séq✉❡♥❝❡ ●✯●✯❆✳ ◆♦✉s
❛✈♦♥s ❛✐♥s✐ ét✉❞✐é ❧✬✐♥✢✉❡♥❝❡ ❞✬✉♥❡ ❣✉❛♥✐♥❡ ❛❞❥❛❝❡♥t❡ ❡♥ ✸✬ ❛✉ ♣♦♥t❛❣❡ ●●✲Pt s✉r
❧❛ str✉❝t✉r❡ ❞❡ ❧✬❛❞❞✉✐t✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ ♣r❡♠✐èr❡ ét✉❞❡ str✉❝t✉r❛❧❡ s✉r ✉♥ ❛❞❞✉✐t ❞✉
❝✐s♣❧❛t✐♥❡ ❛✈❡❝ ❧❛ séq✉❡♥❝❡ ●●●✳ ▼ê♠❡ s✐ ❧✬❛✣♥✐té ❞❡ ❧❛ séq✉❡♥❝❡ ●●● ❡t ❞❡s s✐t❡s
❝♦♥t❡♥❛♥t ●♥ ✭♥≥ ✸✮ ♣♦✉r ❧❡ ♣❧❛t✐♥❡ ✭■■✮ ❡st ❝♦♥♥✉❡ ❞❡♣✉✐s ❧♦♥❣t❡♠♣s✱ s❡s ❛❞❞✉✐ts ❛✈❡❝
❧❡ ❝✐s♣❧❛t✐♥❡ ♥✬♦♥t ♣❛s ❡♥❝♦r❡ été ét✉❞✐és ♣❛r ❘▼◆ à ❝❛✉s❡ ❞❡s ♣r♦❜❧è♠❡s ♣♦sés ♣❛r
❧❡✉r ♣✉r✐✜❝❛t✐♦♥✳
❈❡tt❡ ét✉❞❡ ❞❡ ❧✬❛❞❞✉✐t ●✯●✯● ♣❛r ❘▼◆ ❛ été ❝♦♥❢r♦♥té❡ à ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞②♥❛✲
♠✐q✉❡ ❞❡ ❝❡t ❛❞❞✉✐t✱ ❝❛❧❝✉❧é❡ ♣❛r s✐♠✉❧❛t✐♦♥✳ ▲❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡
♣❛r♠ ✾✽ ❛ été s♣é❝✐✜q✉❡♠❡♥t ❛✣♥é❡ ♣♦✉r ♠✐❡✉① ❞é❝r✐r❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧✬❛t♦♠❡
❞✉ ♣❧❛t✐♥❡✳ ▲❛ ❝♦♥❢r♦♥t❛t✐♦♥ ❡♥tr❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ●✯●✯●✲Pt ❡t ❧❡s ❞♦♥♥é❡s
✐ss✉❡s ❞❡ ❧✬ét✉❞❡ ♣❛r ❘▼◆ ❛ ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ♥♦tr❡ ♣❛r❛♠étr✐s❛t✐♦♥✳
P♦✉r ❞ét❡r♠✐♥❡r ❧❡s ♣r♦♣♦rt✐♦♥s ♣ré❝✐s❡s ❞❡s s♦✉s✲ét❛ts ❇■ ❡t ❇■■ ❞❡ ❧✬❆❉◆✱ ✉♥❡
♠ét❤♦❞❡ ♥♦✈❛tr✐❝❡ ❛ été ♠✐s❡ ❛✉ ♣♦✐♥t✳ ❈❡❧❧❡✲❝✐ ❡st ❜❛sé❡ s✉r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ q✉❛tr❡
❞✐st❛♥❝❡s ✐♥t❡r✲♣r♦t♦♥s ❍✷✑✭♥✮✲❍✽✭♥✮✱ ❍✶✬✭♥✮✲❍✻✴✽✭♥✰✶✮✱ ❍✷✬✭♥✮✲❍✻✴✽✭♥✰✶✮ ❡t ❍✷✑✭♥✮✲
❍✻✴✽✭♥✰✶✮ q✉✐ ♣❡r♠❡t ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❡s ❞❡✉① s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s✳
❈❡s ❛♠é❧✐♦r❛t✐♦♥s ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❡t ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s s♦✉s✲
❝♦♥❢♦r♠❛t✐♦♥s ❇■✴❇■■ ♦♥t ♣❡r♠✐s ❧❛ ❞❡s❝r✐♣t✐♦♥ ✜♥❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬❛❞❞✉✐t ❝♦✉✲
♣❧é à ❧✬❆❉◆✱ ❝❡ q✉✐ ♥♦✉s ❛ s❡r✈✐ ♣♦✉r ét✉❞✐❡r ❧❡ ♠é❝❛♥✐s♠❡ ❛♥t✐✲t✉♠♦r❛❧ ❞✉ ❝✐s♣❧❛t✐♥❡✳
❊♥ ❡✛❡t ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❝✐s♣❧❛t✐♥❡✲❆❉◆ ♣❛r ✉♥❡ ♣r♦té✐♥❡ ✭▲②♠❤♦ï❞
❊♥❤❛♥❝❡❞ ❋❛❝t♦r ■ ✲ ▲❊❋ ■✮ ♣♦✉rr❛✐t ❛❝t✐✈❡r ❧❡s ✈♦✐❡s ♠ét❛❜♦❧✐q✉❡s ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❝❛♥❝é✲
✈✐✐
✈✐✐✐
r❡✉s❡ ❝♦♥❞✉✐s❛♥t ✈❡rs ❧✬❛♣♦♣t♦s❡ ♦✉ ✈❡rs ❧❛ ré♣❛r❛t✐♦♥ ❞❡ ❧❛ t✉♠❡✉r✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❞❡
❧✬❡♥s❡♠❜❧❡ ❆❉◆✲♣r♦té✐♥❡ ✭s❛♥s ❝✐s♣❧❛t✐♥❡✮ ❛ ♣❡r♠✐s ❞❡ ♣rés❡♥t❡r ❧❡ ♠♦❞❡ ❞❡ r❡❝♦♥♥❛✐s✲
s❛♥❝❡ ❞❡ ❧❛ ♣r♦té✐♥❡ s✉r ❧❛ ❞é❢♦r♠❛t✐♦♥ ❛✐♥s✐ q✉❡ ❧❛ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡ ❧✬✐♠♣❧✐❝❛t✐♦♥
❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞✬❡❛✉ ❞❛♥s ❝❡❧✉✐✲❝✐✳
▲❡s ét✉❞❡s s✉r ❧❡ ❝✐s♣❧❛t✐♥❡ ✜①é s✉r s♦♥ ❆❉◆ ❝✐❜❧❡ ♥♦✉s ❛②❛♥t ❛♣♣♦rté ❞❡ ♥♦♠❜r❡✉s❡s
❝♦♥♥❛✐ss❛♥❝❡s s✉r ❧❡s ❞é❢♦r♠❛t✐♦♥s ❡♥❣❡♥❞ré❡s✱ ♥♦✉s ❛✈♦♥s ✈❛❧✐❞é ❧❛ ❞é❢♦r♠❛t✐♦♥ str✉❝✲
t✉r❛❧❡ ❢♦r♠é❡ ♣❛r ✉♥ ❛✉tr❡ ❝♦♠♣❧❡①❡ ❞❡ ♣❧❛t✐♥❡✱ ❧❡ ♣②r❛③♦❧❛t♦✲❜✐s✲♣❧❛t✐♥❡✳ ❈❡ ❝♦♠♣♦sé ❛
été ❝♦♥ç✉ ❞❡ ♥♦✈♦ ♣♦✉r ✐♥❞✉✐r❡ ✉♥❡ ❞é❢♦r♠❛t✐♦♥ ❢❛✐❜❧❡ ❞❡ s♦♥ ❆❉◆ ❝✐❜❧❡ ❛✜♥ ❞❡ ♣r♦✈♦✲
q✉❡r ✉♥❡ ré♣♦♥s❡ ❝❡❧❧✉❧❛✐r❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❡♥❣❡♥❞ré❡ ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡✳ ▲❛ s✐♠✉❧❛t✐♦♥
❛ ✐♥❞✐q✉é q✉❡ ❝❡ ❝♦♠♣❧❡①❡ ✐♥❞✉✐t ✉♥❡ ❢❛✐❜❧❡ ❝♦✉r❜✉r❡ ❞❡ ❧✬❆❉◆ ❡t ✉♥❡ ❞é❢♦r♠❛t✐♦♥
❣❧♦❜❛❧❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡✱ ❝❡ q✉✐ ❡①❝❧✉t ❧❡ ♠ê♠❡ ♠♦❞❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡✳
❈♦♠♠❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧❡ ❝♦♠♣❧❡①❡ ♣②r❛③♦❧❛t♦ ♣♦ssè❞❡ ✉♥❡ ❛❝t✐✈✐té ❛♥t✐✲t✉♠♦r❛❧❡✱
❧❡s s✐♠✉❧❛t✐♦♥s ❡✛❡❝t✉é❡s s✉❣❣èr❡♥t ❞♦♥❝ q✉❡ ❧❡ ♠♦❞❡ ❞✬❛❝t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❝❡❧❧✉❧❛✐r❡ ❡st
❞✐✛ér❡♥t ❞✉ ❝✐s♣❧❛t✐♥❡✳
▲❡s tr❛✈❛✉① ré❛❧✐sés ❧♦rs ❞❡ ♠❛ t❤ès❡ ♦♥t ♣❡r♠✐s ❞✬❛♠é❧✐♦r❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s
❞é❢♦r♠❛t✐♦♥s ❆❉◆✲❝✐s♣❧❛t✐♥❡✱ ❆❉◆✲❝✐s♣❧❛t✐♥❡✲♣r♦té✐♥❡ ❡t ❞❡ ♣❡r❢❡❝t✐♦♥♥❡r ❧❛ ❞❡s❝r✐♣✲
t✐♦♥ ❞❡s ❝♦♠♣♦sés ♣❧❛t✐♥és ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ✭♣✉✐s ♣❛r♠ ✾✾✮ ❞✉ ❧♦❣✐❝✐❡❧
❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♠♦❧é❝✉❧❛✐r❡ ❆▼❇❊❘✳
❆❜str❛❝t
❈✐s♣❧❛t✐♥ ✭❝✐s✲❞✐❛♠♠✐♥ ❞✐❝❤❧♦r♦ ♣❧❛t✐♥✮ ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ✇✐❞❡❧② ✉s❡❞ ❛♥t✐ ❝❛♥❝❡r
❝❤❡♠♦t❤❡r❛♣② ❞r✉❣✳ ■ts ❛♥t✐❝❛♥❝❡r ❛❝t✐✈✐t② ❤❛s ❜❡❡♥ ✜rst ❞❡s❝r✐❜❡❞ ✐♥ ✶✾✻✺ ❜② ❇✳ ❘♦✲
s❡♥❜❡r❣✳ ❙✐♥❝❡ t❤❡♥✱ ♠❛♥② st✉❞✐❡s ❤❛✈❡ ❜❡❡♥ ✉♥❞❡rt❛❦❡♥ t♦ ❞❡❝✐♣❤❡r ✐ts ♠❡❝❤❛♥✐s♠ ♦❢
❛❝t✐♦♥✳
❋r♦♠ ❛♥ ♦r✐❣✐♥❛❧ ❛♣♣r♦❛❝❤ ❧✐♥❦✐♥❣ ♠♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧
st✉❞✐❡s✱ ♠② P❤❉ ❛❧❧♦✇❡❞ ❛ ❞②♥❛♠✐❝ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛ ♣❧❛t✐♥❛t❡❞ ❛❞❞✉❝t ♦♥ t❤❡ s❡q✉❡♥❝❡
5′✲●❈❈●✯●✯●❚❈●❈✲3
′
✴ 5
′
✲●❈●❆❈❈❈●●❈✲3
′
✭✇❤❡r❡ ●✯ ✐s ❛ ♣❧❛t✐♥❛t❡❞ ❣✉❛♥✐♥❡✮✳
❚❤❡ r❡s✉❧t✐♥❣ str✉❝t✉r❡ ❤❛s ❜❡❡♥ st✉❞✐❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ♦✉r ❧❛❜♦r❛t♦r② ♦♥ t❤❡ ✐❞❡♥t✐❝❛❧
s❡q✉❡♥❝❡ ❜✉t ✇✐t❤ ❛♥ ❆✲❚ ❜❛s❡ ♣❛✐r ♦♥ t❤❡ ✸✬ s✐❞❡ ♦❢ t❤❡ ♣❧❛t✐♥❛t❡❞ ❣✉❛♥✐♥❡s ✭s✉❜s❡✲
q✉❡♥t❧② ♥❛♠❡❞ ●✯●✯❆✮✳ ❚❤❡r❡❢♦r❡ ✇❡ st✉❞✐❡❞ t❤❡ str✉❝t✉r❛❧ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ❛♥ ❆ t♦ ●
s✉❜st✐t✐♦♥ ✐♥ t❤❡ ✸✬ r❡❣✐♦♥ ♦♥ t❤❡ ❛❞❞✉❝t str✉❝t✉r❡✳ ❚❤✐s ✐s t❤❡ ✜rst str✉❝t✉r❛❧ st✉❞② ♦♥
❛ ❝✐s♣❧❛t✐♥ ❛❞❞✉❝t ❝♦♥t❛✐♥✐♥❣ t❤r❡❡ ❛❞❥❛❝❡♥t ❣✉❛♥✐♥❡s✳ ●●● s❡q✉❡♥❝❡s ❛♥❞ ●♥ ✭♥≥ ✸✮
❛r❡ ❦♥♦✇♥ t♦ ❜❡ ❢❛✈♦r❡❞ t❛r❣❡ts ❢♦r ♣❧❛t✐♥ ✭■■✮ ❜✉t t❤❡✐r ❛❞❞✉❝ts ❤❛✈❡ ♥♦t ❜❡❡♥ st✉❞✐❡❞
❜② ◆▼❘ s✐♥❝❡ t❤❡✐r ♣✉r✐✜❝❛t✐♦♥ ❛r❡ ♣r♦❜❧❡♠❛t✐❝✳
❚❤✐s ●✯●✯● ◆▼❘ st✉❞② ❤❛s ❜❡❡♥ ❝♦♠♣❛r❡❞ t♦ ✐ts ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥✱ ✇❤❡r❡
t❤❡ ♣❛r♠ ✾✽ ❢♦r❝❡ ✜❡❧❞ ❤❛s ❜❡❡♥ s♣❡❝✐✜❝❛❧❧② ♦♣t✐♠✐③❡❞ ❢♦r t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡
♣❧❛t✐♥ ❝♦♦r❞✐♥❛t✐♦♥ s♣❤❡r❡✳ ❚❤❡ ♣❛r❛♠❡tr✐s❛t✐♦♥ ❤❛s ❜❡❡♥ ❝r♦ss✲✈❛❧✐❞❛t❡❞ ❜② t❤❡ ◆▼❘
❡①♣❡r✐♠❡♥t✳
❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❇■✴❇■■ ❉◆❆ s✉❜st❛t❡s✱ ❛ ♥♦✈❡❧ ♠❡t❤♦❞ ❤❛s ❜❡❡♥ s❡t
✉♣✳ ❋♦✉r ❞✐st❛♥❝❡s✱ ♥❛♠❡❧② ❍✷✑✭♥✮✲❍✽✭♥✮✱ ❍✶✬✭♥✮✲❍✻✴✽✭♥✰✶✮✱ ❍✷✬✭♥✮✲❍✻✴✽✭♥✰✶✮ ❛♥❞
❍✷✑✭♥✮✲❍✻✴✽✭♥✰✶✮ ❛❧❧♦✇ t♦ ❞✐s❝r✐♠✐♥❛t❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ s✉❜st❛t❡s ❛♥❞ t♦ ❝❛❧❝✉❧❛t❡
t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❡❛❝❤ s✉❜st❛t❡✳
❚❤❡ ❢♦r❝❡ ✜❡❧❞ ♦♣t✐♠✐③❛t✐♦♥s ❛♥❞ t❤❡ ❇■✴❇■■ ❉◆❆ s✉❜st❛t❡s ❞✐s❝r✐♠✐♥❛t✐♦♥ ♠❡t❤♦❞
❛❧❧♦✇❡❞ ❛ ♣r❡❝✐s❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝✐s♣❧❛t✐♥✲❉◆❆ ❛❞❞✉❝t✱ ❛❧❧♦✇✐♥❣ t♦ st✉❞② ♦♥❡ ♣♦s✲
s✐❜❧❡ ✇❛② ♦❢ ❛♥t✐✲❝❛♥❝❡r ❡✣❝✐❡♥❝②✳ ❚❤❡ ❝♦♠♣❧❡① ❝✐s♣❧❛t✐♥✲❉◆❆✲Pr♦t❡✐♥ ✭♥♦t❛❜❧② ▲❊❋ ■
✲ ▲②♠♣❤♦ï❞ ❊♥❤❛♥❝❡❞ ❋❛❝t♦r ■✮ ✐s ❛ ♣❧❛✉s✐❜❧❡ ❝❛♥❞✐❞❛t❡ t♦ ❡①♣❧❛✐♥ ✇❤② t❤❡ ❝❛♥❝❡r♦✉s
❝❡❧❧ ❡❧❡❝ts ❛♣♦♣t♦s✐s ♦r t✉♠♦r r❡♣❛✐r✳ ❚❤❡ ♣r♦t❡✐♥✲❉◆❆ ✭✇✐t❤♦✉t ❝✐s♣❧❛t✐♥✮ ❡♥s❡♠❜❧❡
s✐♠✉❧❛t✐♦♥ ❤❛s ❛❧❧♦✇❡❞ t♦ ❞❡s❝r✐❜❡ t❤❡ r❡❝♦❣♥✐t✐♦♥ ♣❛t❤ ♦❢ t❤❡ ❉◆❆ ❞❡❢♦r♠❛t✐♦♥ ❜②
t❤❡ ♣r♦t❡✐♥ ❛♥❞ t❤❡ ✐♠♣❧✐❝❛t✐♦♥ ♦❢ ❛ ✇❛t❡r ♠♦❧❡❝✉❧❡ ✐♥ t❤❡ r❡❝♦❣♥✐t✐♦♥ ♠❡❝❤❛♥✐s♠✳
❆❧❧ t❤❡s❡ st✉❞✐❡s ♦♥ ❝✐s♣❧❛t✐♥✲❉◆❆ ❛❧❧♦✇❡❞ ✉s t♦ ❣❡t ❡♥♦✉❣❤ ❦♥♦✇❧❡❞❣❡ ♦♥ t❤❡
✐①
①r❡s✉❧t✐♥❣ ❞❡❢♦r♠❛t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ✇❡ t❤❡♥ st✉❞✐❡❞ t❤❡ str✉❝t✉r❛❧ ❞❡❢♦r♠❛t✐♦♥ ✐♥❞✉❝❡❞
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❱■ ❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ✷✷✾
❇✐❜❧✐♦❣r❛♣❤✐❡ ✷✸✼
❆♥♥❡①❡s ✷✺✾
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✷✳✸ ❆♣♣❛r✐❡♠❡♥t s❡❧♦♥ ❍♦♦❣st❡❡♥ ❡♥tr❡ ❧✬❛❞é♥✐♥❡ ❡t ❧❛ t❤②♠✐♥❡✱ ❞❛♥s ❧❛ str✉❝t✉r❡
❝r✐st❛❧❧✐♥❡ ❢♦r♠é❡ ♣❛r ❧❛ ♣❛✐r❡ ✾✲♠ét❤②❧❛❞é♥✐♥❡✴✶✲♠ét❤②❧t❤②♠✐♥❡ ❬✶✾✹❪✳ ✳ ✳ ✳ ✶✺
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s♦♥t ✐♥❞✐q✉és à ❧✬✐♥tér✐❡✉r ❞✉ ❝②❝❧❡ ❢✉r❛♥♦s❡ ❬✸❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✷✳✼ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡s ♣❧✐ss❡♠❡♥ts ❈✷✬✲❡♥❞♦ ✭❣❛✉❝❤❡✮ ❡t ❈✸✬✲❡♥❞♦
✭❞r♦✐t❡✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✷✳✽ ❈♦♥✜❣✉r❛t✐♦♥ s②♥ ❡t ❛♥t✐ ❞❡ ❧✬❛♥❣❧❡ ❣❧②❝♦s✐❞✐q✉❡ χ✳ ▲❡ s✉❝r❡ ❡t ❧❛ ❜❛s❡ s♦♥t
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✹✳✶ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✉ ❞é❝❛♥✉❝❧é♦t✐❞❡ ❞✭●❈❈●✯●✯❆❚❈●❈✮·❞✭●❈●
❆❚❈❈●●❈✮ ❛✈❡❝ ❧✬❛❞❞✉✐t ●●✲❝✐s✲Pt✭◆❍3✮2 s✉r ❧❡s ❣✉❛♥✐♥❡s ●✯ ❛♥❛❧②sé
♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘▼◆ ♣❛r ❍❡r♠❛♥ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✽✼❪✳ ✳ ✳ ✳ ✳ ✳ ✹✵
①✈
①✈✐ ❚❆❇▲❊ ❉❊❙ ❋■●❯❘❊❙
✷ ♣r♦❥❡❝t✐♦♥ ❜✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞✐st❛♥❝❡s ❍✷✑ ✭♥✮✲
❍✻✴❍✽ ✭♥✮ ❡t ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮ ❝♦♥tr❡ ❧❛ ❞✐st❛♥❝❡ ❍✶✬ ✭♥✮✲❍✻✴❍✽
✭♥✰✶✮✳ ❈❤❛q✉❡ ♣♦✐♥t r❡♣rés❡♥t❡ ✉♥❡ ❞❡s ✷✻✾✼✽ ❝♦♥❢♦r♠❛t✐♦♥s ❞✐♥✉❝❧é♦✲
t✐q✉❡s ✐ss✉❡s ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ❝♦✉❧❡✉rs
✐♥❞✐q✉❡♥t ❧❡s s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s ❞❡s ♣❛s✳ ❊♥ ❜❧❡✉ ✿ ❇■✱ s✉❝r❡ ✺✬ ❙✱ ♣❤♦s✲
♣❤❛t❡ ✸✬ ❇■✳ ❊♥ ❖r❛♥❣❡ ✿ ❇■✱ s✉❝r❡ ✺✬ ❊✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■✳ ❊♥ ♥♦✐r ✿
❇■✱ s✉❝r❡ ✺✬ ◆✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■✳ ❊♥ ♠❛❣❡♥t❛ ✿ ❇■✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■■✳
❊♥ r♦✉❣❡ ✿ ❇■■✱ ♣❤♦s♣❤❛t❡ ❞✉ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❡♥ ❇■✳ ❊♥ ✈❡rt ✿ ❇■■✱
♣❤♦s♣❤❛t❡ ❞✉ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❡♥ ❇■■✳ P♦✉r ❞ét❡r♠✐♥❡r ❧❡ ♣❧✐ss❡♠❡♥t
❞✉ s✉❝r❡✱ ❧❡s ❝r✐tèr❡s s✉✐✈❛♥ts ♦♥t été ❛♣♣❧✐q✉és ♣♦✉r ❧✬❛♥❣❧❡ ❞❡ ❧❛ ♣❤❛s❡
P ✿ ◆✱ P < ✻✵✝❀ ❊✱ ✻✵✝≤ P ≤ ✶✶✺✝❀ ❙✱ ✶✶✺ ≤ P ≤ ✷✷✵✝✳ ▲❡ s✐❣♥❡ ✬✰✬
✐♥❞✐q✉❡ ❧❡ ❜❛r②❝❡♥tr❡ ❞❡ ❝❤❛q✉❡ ❝♦♥❢♦r♠❛t✐♦♥✱ XBI , XBII ❧❛ ♣r♦❥❡❝t✐♦♥
❞❡ ❝❡✉①✲❝✐✳ ▲❡ ♣♦✐♥t P ♣rés❡♥t❡ à t✐tr❡ ❞✬❡①❡♠♣❧❡ ❧❛ ♣r♦❥❡❝t✐♦♥ ♦❜t❡♥✉❡
♣♦✉r ❧❡ ♣❛s P ❞♦♥♥é✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✶✳✶ ❊✈♦❧✉t✐♦♥ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✉ ❞é❝❛♥✉❝❧é♦t✐❞❡ ●❈❈●●●❚❈●❈ ❛✈❡❝ ❧❡ ❝✐s✲
♣❧❛t✐♥❡ ✭❝✐s✲❬Pt❈❧2✭15◆❍3✮2❪✮✳ ✶ éq✉✐✈❛❧❡♥t ❞✉ ❝✐s♣❧❛t✐♥❡ ❛ été ❛❥♦✉té ❛✉
t❡♠♣s t❂✵✱ ♣✉✐s ❛❞❞✐t✐♦♥ ❞❡ ✶ éq✉✐✈❛❧❡♥t à ✷✵❤ ♣✉✐s ✵✱✺ éq✉✐✈❛❧❡♥t à ✸✻❤
❡t ✹✸❤✳ ▲❡ ❣r❛❞✐❡♥t ❍P▲❈ ✉t✐❧✐sé ❝♦♠♠❡♥❝❡ à ✷✪ ❞✬❛❝ét♦♥✐tr✐❧❡ ♣✉✐s ❛✉❣✲
♠❡♥t❡ ❞❡ ♠❛♥✐èr❡ ❡①♣♦♥❡♥t✐❡❧❧❡ à ✷✵ ✪ ❥✉sq✉✬à ✷✺ ♠✐♥✉t❡s ✭♣r♦❣r❛♠♠❡
✸ ❞✉ ❧♦❣✐❝✐❡❧ ❲❛t❡rs ▼✐❧❧❡♥✐✉♠✸✷ ✈❡r✳ ✸✳✵✺✳✵✶✮✳ ▲❡s ❝❤é❧❛t❡s s♦♥t sé♣❛rés
❡♥ ❍P▲❈ ❛✉ ❜♦✉t ❞❡ ✶✵ ♠✐♥✉t❡s✱ s♦✐t ✉♥ ♣♦✉r❝❡♥t❛❣❡ ❞✬❛❝ét♦♥✐tr✐❧❡ ❞❡
✽✪✳ ▲❡ ♣❛ss❛❣❡ ❞❡ ✽ à ✷✵ ✪ ♣❡r♠❡t ❞❡ r✐♥❝❡r ❧❛ ❝♦❧♦♥♥❡ ♣♦✉r ❡✛❡❝t✉❡r
✉♥❡ ♥♦✉✈❡❧❧❡ ❛♥❛❧②s❡✳ ▲❡ s♦❧✈❛♥t ♦r❣❛♥✐q✉❡ ❡st ❝♦♥st✐t✉é ❞✬❛❝ét♦♥✐tr✐❧❡
✭♠❛✐s ❡st ❞✐❧✉é ❞❛♥s ✺✵✪ ❞✬❡❛✉ ♣♦✉r ❢❛❝✐❧✐t❡r ❧✬❛♥❛❧②s❡✮✱ ❧❡ s♦❧✈❛♥t ❛q✉❡✉①
❝♦♥t✐❡♥t ❧✬❛❝ét❛t❡ ❞✬❛♠♠♦♥✐✉♠ ✵✱✺ ▼ ❛❥✉sté à ♣❍ ✹✱✺✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹
✷✳✶ ❱✉❡ ét❡♥❞✉❡ ❞✉ s♣❡❝tr❡ ◆❖❊❙❨ ❞❡ ❧❛ ré❣✐♦♥ ●✯●✯●✱ ❞❬✭●❈❈●✯●✯●❚❈●❈✮
· ✭●❈●❆❈❈❈●●❈✮❪✳ ▲❛ ✈✉❡ ♣rés❡♥t❡ ❧❡ ❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❞✉ ❜r✐♥
♣❧❛t✐♥é ❞❛♥s ❧❛ ré❣✐♦♥ ❛rô♠❛t✐q✉❡✲❛♥♦♠ér✐q✉❡✳ ▲❡s ❝❡r❝❧❡s ❡♥ ♣♦✐♥t✐❧❧és
✐♥❞✐q✉❡♥t ❧❡s ♣✐❝s ♠❛♥q✉❛♥ts✳ ▲❡s ♣✐❝s q✉✐ ♥❡ ❢♦♥t ♣❛s ♣❛rt✐❡ ❞✉ ❝❤❡✲
♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❛♣♣❛rt✐❡♥♥❡♥t ❛✉ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❡t ❛✉ ❞✉♣❧❡①
●●✯●✯✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ❡st ❞❡ ✵✱✺✵ ♠▼ ❞❛♥s ✶ ▼
◆❛❈❧❖4✱ ✸✵ ♠▼ t❛♠♣♦♥ ♣❤♦s♣❤❛t❡✱ ♣❍ ✻✱✵ ❡♥ ❉2❖ à ✸✵✺ ❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻
❚❆❇▲❊ ❉❊❙ ❋■●❯❘❊❙ ①✈✐✐
✷✳✷ ❱✉❡ ét❡♥❞✉❡ ❞✉ s♣❡❝tr❡ ◆❖❊❙❨ ❞❡ ❧❛ ré❣✐♦♥ ●✯●✯●✱ ❞❬✭●❈❈●✯●✯●❚❈●❈✮
· ✭●❈●❆❈❈❈●●❈✮❪✳ ▲❛ ✈✉❡ ♣rés❡♥t❡ ❧❡ ❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❞✉ ❜r✐♥
❝♦♠♣❧é♠❡♥t❛✐r❡ ♥♦♥ ♣❧❛t✐♥é ❞❛♥s ❧❛ ré❣✐♦♥ ❛rô♠❛t✐q✉❡✲❛♥♦♠ér✐q✉❡✳ ▲❡s
♣✐❝s q✉✐ ♥❡ ❢♦♥t ♣❛s ♣❛rt✐❡ ❞✉ ❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❛♣♣❛rt✐❡♥♥❡♥t ❛✉
❜r✐♥ ♣❧❛t✐♥é ❡t ❛✉ ❞✉♣❧❡① ●●✯●✯✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡
❡st ❞❡ ✵✱✺✵ ♠▼ ❞❛♥s ✶ ▼ ◆❛❈❧❖4✱ ✸✵ ♠▼ t❛♠♣♦♥ ♣❤♦s♣❤❛t❡✱ ♣❍ ✻✱✵
❡♥ ❉2❖ à ✸✵✺ ❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
✷✳✸ ❉✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r ❧❡s ♣r♦t♦♥s ♥♦♥ é❝❤❛♥✲
❣❡❛❜❧❡s ❡♥tr❡ ●✯●✯● ❡t ●✯●✯❆✳ ▲❡s s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺❑
✭●✯●✯●✮ ❡t ✷✾✽❑ ✭●✯●✯❆✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✷✳✹ ❉✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r ❧❡s ♣r♦t♦♥s ♥♦♥ é❝❤❛♥✲
❣❡❛❜❧❡s ❡♥tr❡ ●✯●✯● ❡t ●●●✳ ▲❡s s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺❑
✭●✯●✯●✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✷✳✺ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ❞✉ ♣❤♦s♣❤♦r❡ ♦ù ❧❛ ♣rés❡♥❝❡ ❞❡ ●✯●✯● ❡t
●●✯●✯ ❡st ❞ét❡❝té❡✳ ✭❛✮ s♣❡❝tr❡ ❡♥r❡❣✐stré ✶✵✵ ❥♦✉rs ❛♣rès ❧❛ ♣❧❛t✐♥❛✲
t✐♦♥✱ ❧❡s ❞❡✉① ❛❞❞✉✐ts s♦♥t ♣rés❡♥ts✳ ✭❜✮ s♣❡❝tr❡ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ♥♦♥
♣❧❛t✐♥é✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s s♦♥t ♣rés❡♥tés ❛✈❡❝ ♣♦✉r ré❢ér❡♥❝❡
❧✬❛❝✐❞❡ ♣❤♦s♣❤♦r✐q✉❡ à ✽✺ ✪✱ ❧✬❡♥r❡❣✐str❡♠❡♥t ❛ été ❡✛❡❝t✉é à ✸✵✺ ❑✳ ✳ ✳ ✽✺
✷✳✻ ❞✐❛❣r❛♠♠❡ ❝✐♥ét✐q✉❡ ❞✉ ré❛rr❛♥❣❡♠❡♥t ❞❡ ●✯●✯● ✈❡rs ●●✯●✯✳ ❏♦✉rs✯ ✿
❧❡ t❡♠♣s ♣rés❡♥té ❡st teff ✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❝❡ t❡♠♣s ❡st ❞é❝r✐t ❞❛♥s ❧❡ t❡①t❡✳ ✽✻
✸✳✶ ❘❡♣rés❡♥t❛t✐♦♥ ◆❡✇❘✐❜❜♦♥ ❡t ▲✐❝♦r✐❝❡ ❬✾✺❪ ❞❡ ❧❛ str✉❝t✉r❡ ♠♦②❡♥♥é❡ ❡t
♠✐♥✐♠✐sé❡ ✐ss✉❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ❣✉❛♥✐♥❡s
♣❧❛t✐♥é❡s s♦♥t ❡♥ ❜❧❡✉✱ ❧❡s ❛♠♠✐♥❡s ❞✉ ❝✐s♣❧❛t✐♥❡ ❡♥ ❥❛✉♥❡✱ ❧❡ ♣❧❛t✐♥❡ ❡♥
❝②❛♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷
✶✳✶ ▲❡ ❝✐s♣❧❛t✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶
✷✳✶ ▼♦❞è❧❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❞✬❆▼❇❊❘✳✷✵✹
✸✳✶ ▼♦❞✐✜❝❛t✐♦♥ ❛♣♣♦rté❡ ♣♦✉r s✐♥❣✉❧❛r✐s❡r ❧❡ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✳
▲❡ t②♣❡ ❞✬❛t♦♠❡ ❈❚ ❞❡✈✐❡♥t ❈P ♣♦✉r ❧❡s ❛t♦♠❡s ❞✉ ❝②❝❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✵
✸✳✷ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥st❛♥t❡ ♣♦✉r ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ❖✲❈✲❈✲
❖ s✉r ❧❛ ♣❤❛s❡ ❞❡ 5
′
G ✭r♦✉❣❡✮✱ ❧❛ ♣❤❛s❡ ❞❡ 3
′
G ✭✈❡rt✮ ❡t ❧❛ ❞✐st❛♥❝❡
5′G(H1) −3′ G(H1) ✭♥♦✐r✮✳ ▲❡s tr❛❝és s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s
❞❡ ❧✐s✐❜✐❧✐té✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✶
✸✳✸ ▼♦❞✐✜❝❛t✐♦♥ ❛♣♣♦rté❡ ♣♦✉r ✐♥✢✉❡r ✉♥✐q✉❡♠❡♥t s✉r ❧✬❛♥❣❧❡ ǫ✳ ▲❡ ❝❛r❜♦♥❡
❈2✬ ❡st ♠❛✐♥t❡♥❛♥t ❞❡ t②♣❡ ❈❙✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✸
✸✳✹ ❊✈♦❧✉t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞✬é♥❡r❣✐❡ ❞❡ t♦rs✐♦♥ ❛✉t♦✉r ❞❡ ❧✬❛♥❣❧❡ ❈❙✲❈P✲❖❙✲
P ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡ PKCCOP ❞✬é♥❡r❣✐❡ ✉t✐❧✐sé❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✹
①✈✐✐✐ ❚❆❇▲❊ ❉❊❙ ❋■●❯❘❊❙
✸✳✺ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ♣❛r♠ ✾✽✳
▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡ ❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st ❡♥
♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳ ▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s
♣❛r ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❜❧❡✉❡ ♣rés❡♥t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝
♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳ ✷✶✻
✸✳✻ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ♣❛r♠ ✾✽
♣✉✐s ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ❡t ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❛✈❡❝
PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧−1 ♣♦✉r ǫ✳ ▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡
❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st ❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳
▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❜❧❡✉❡ ♣rés❡♥t❡♥t ❧❡
❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és s♦♥t ♠♦②❡♥♥és
s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✼
✸✳✼ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ♣❛r♠ ✾✽
♣✉✐s ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ❡t ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❛✈❡❝
PKCCOP = 0, 50 ❦❝❛❧✳♠♦❧−1 ♣♦✉r ǫ✳ ▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡
❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st ❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳
▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❜❧❡✉❡ ♣rés❡♥t❡♥t ❧❡
❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és s♦♥t ♠♦②❡♥♥és
s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✽
✸✳✽ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ s♦✉s ♣❛r♠ ✾✽
❛✈❡❝ ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ♠♦❞✐✜é PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧−1 ♣♦✉r
ǫ ♠❛✐s s❛♥s ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és✳ ▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st
r❡♣rés❡♥té❡ ❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st ❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ
❡st ❡♥ r♦✉❣❡✳ ▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❜❧❡✉❡
♣rés❡♥t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és
s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✾
✹✳✶ ❈♦♥trô❧❡ ❞✉ ❜♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♣r♦✲
❣r❛♠♠❡ st❛♥❞❛r❞ ♣r♦❝❡ss❴♠❞♦✉t✳♣❡r❧ ❢♦✉r♥✐ ❞❛♥s ❆▼❇❊❘✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷✹
✹✳✷ P❛r❛♠ètr❡s ♣r✐♥❝✐♣❛✉① ✐ss✉s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❡
❞❡ ●❈❈●✯ ●✯●❚❈●❈✳ ▲❡s ♥♦♠s ❞✬❛t♦♠❡s s♦♥t ❝❡✉① ❞❡ ❧❛ ✜❣✉r❡ ✷✳✶✱
♣❛❣❡ ✷✵✹✳ ❈✸ ❡t ●✻ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❜❛s❡s s✐t✉é❡s ❡♥ ✺✬ ❡t ❡♥
✸✬ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é✳ ❈✶✺ ❡st ❧❛ ❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ 3
′
G✱ ❈✶✻
❡st ❧❛ ❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ 5
′
G✳ ▲❡s ❝♦♠♣❛r❛✐s♦♥s ❛✈❡❝ ❧❡s ❞♦♥✲
♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s s♦♥t ♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✳ ▲❡s tr❛❝és s♦♥t
♠♦②❡♥♥és s✉r ✶✵ ♣s ♣♦✉r ♣❧✉s ❞❡ ❝❧❛rté✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷✺
▲✐st❡ ❞❡s t❛❜❧❡❛✉①
✶✳✷ ❆❞❞✉✐ts ♠❛❥❡✉rs ♣r♦✈♦q✉és ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ❡t ❝❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐✲
♣❛❧❡s ✭❊● ✿ é❧❡❝tr♦♣❤♦rès❡ s✉r ❣❡❧✱ ❘▼◆ ✿ rés♦♥❛♥❝❡ ♠❛❣♥ét✐q✉❡ ♥✉✲
❝❧é❛✐r❡✱ ❘❳ ✿ ❞✐✛r❛❝t✐♦♥ ❛✉① r❛②♦♥s ❳✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼
✷✳✶ P❛r❛♠ètr❡s str✉❝t✉r❛✉① ❞❡s tr♦✐s ❢❛♠✐❧❧❡s ❞❡ ❧✬❆❉◆✳ ▲❡s tr❛♥s❧❛t✐♦♥s s♦♥t ❡♥ ➴
❡t ❧❡s r♦t❛t✐♦♥s ❡♥ ❞❡❣rés✳ P♦✉r ❧✬❆❉◆ ❩✱ ❧❡s ✈❛❧❡✉rs ♣♦✉r ❧❡s ♣❛✐r❡s ❨♣❘ ♣✉✐s
♣♦✉r ❧❡s ♣❛✐r❡s ❘♣❨ s♦♥t ❞♦♥♥é❡s✳ ❊❧❧❡s r❡✢èt❡♥t ❧❛ s②♠étr✐❡ ❞✐♥✉❝❧é♦t✐❞✐q✉❡
❞❡ ❝❡tt❡ ❢♦r♠❡ ❬✽✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹
✸✳✶ ❉ér♦✉❧❡♠❡♥t ❞✉ ❝❛❧❝✉❧ ❞✬✉♥ ♣❛s ❞✬✐♥té❣r❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ✸✶
✶ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ✷✶ ❞✐st❛♥❝❡s ♠❡s✉ré❡s s✉r ❧❡s str✉❝t✉r❡s ✐ss✉❡s ❞❡s ❞♦♥✲
♥é❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❡t ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
▲❡s ❞✐st❛♥❝❡s ✐♥❞✐q✉é❡s ❡♥ r♦✉❣❡ s♦♥t ❝❡❧❧❡s ♣rés❡♥t❛♥t ❧❡ ♣❧✉s ❞✬✐♥térêt
❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ét✉❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✷✳✶ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r 1❍ ❞✉ ❞✉♣❧❡① ♣❧❛t✐♥é ●✯●✯●✳ ❚♦✉s ❧❡s
s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺ ❑ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s s♣❡❝tr❡s ❞❡s ♣r♦t♦♥s
é❝❤❛♥❣❡❛❜❧❡s ♣♦✉r ●✯●✯● ❡♥r❡❣✐strés à ✷✽✶ ❑✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ♦♥t
♣♦✉r ré❢ér❡♥❝❡ ❧❡ ❚❙P ✭❚r✐s✐❧②❧ ▼ét❤②❧ P❤♦s♣❤❛t❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽
✷✳✷ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r 1❍ ❞✉ ❞✉♣❧❡① ♥♦♥✲♣❧❛t✐♥é ●●●✳ ❚♦✉s ❧❡s
s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺ ❑✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ♦♥t ♣♦✉r ré❢ér❡♥❝❡
❧❡ ❚❙P ✭❚r✐s✐❧②❧ ▼ét❤②❧ P❤♦s♣❤❛t❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾
①✐①
①① ▲■❙❚❊ ❉❊❙ ❚❆❇▲❊❆❯❳
✷✳✸ ❈♦✉♣❧❛❣❡s s♣✐♥✲s♣✐♥ ❏1′2′ ✱ ❏1′2′′ ❡t Σ1′ ❞ét❡r♠✐♥és à ♣❛rt✐r ❞❡s s♣❡❝tr❡s
❉◗❋✲❈❖❙❨✱ ❞✐st❛♥❝❡s ✐♥t❡r✲♣r♦t♦♥s ❍✷✬✲❍✻✴✽ ❡t ❍✸✬✲❍✻✴✽ ❞ét❡r♠✐♥é❡s
à ♣❛rt✐r ❞❡s s♣❡❝tr❡s ◆❖❊❙❨✱ ❡t r❛t✐♦ H2
′−H6/8
H3′−H6/8
♣♦✉r ❧❡ ❞✉♣❧❡① ♣❧❛t✐♥é
●✯●✯●✳ ❯♥❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ s✉❝r❡✱ ❝❛❧❝✉❧é❡ à ♣❛rt✐r
❞✉ r❛t✐♦ H2
′−H6/8
H3′−H6/8
✱ ❡st ♣rés❡♥té❡ ❞❛♥s ❧❛ ❞❡r♥✐èr❡ ❝♦❧♦♥♥❡ ✭✈♦✐r ❧❡ t❡①t❡
♣♦✉r ❧❡s ❡①♣❧✐❝❛t✐♦♥s ❞✉ ❝❛❧❝✉❧✮✳ a▲❡s ❞✐st❛♥❝❡s ✐♥t❡r ♣r♦t♦♥s ❍✷✬✲❍✻✴✽ ❡t
❍✸✬✲❍✻✴✽ ♦♥t été ♠♦②❡♥♥é❡s à ♣❛rt✐r ❞❡s tr♦✐s s♣❡❝tr❡s ◆❖❊❙❨ ✿ t❡♠♣s
❞❡ ♠é❧❛♥❣❡ ❞❡ ✷✵✵ ♠s à ✸✵✺ ❑ ❡♥ ❉2❖✱ t❡♠♣s ❞❡ ♠é❧❛♥❣❡ ❞❡ ✽✵ ♠s à
✸✵✺❑ ❡♥ ❉2❖ ❡t t❡♠♣s ❞❡ ♠é❧❛♥❣❡ ❞❡ ✷✵✵ ♠s à ✷✽✶ ❑ ❡♥ ❍2❖✳ ❚♦✉t❡s
❧❡s ❞✐st❛♥❝❡s ♥✬♦♥t ♣❛s ♣✉ êtr❡ ♠❡s✉ré❡s ♣♦✉r ❝❤❛q✉❡ t❡♠♣s ❞❡ ♠é❧❛♥❣❡✳ ✽✷
✷✳✹ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r 1❍ ❞✉ ❞✉♣❧❡① ●●✯●✯✳ ❚♦✉s ❧❡s s♣❡❝tr❡s
♦♥t été ❡♥r❡❣✐strés à ✸✵✺ ❑ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s s♣❡❝tr❡s ♣♦✉r ❧❡s ♣r♦t♦♥s
é❝❤❛♥❣❡❛❜❧❡s q✉✐ ♦♥t été ❡♥r❡❣✐strés à ✷✽✶ ❑✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ♦♥t ♣♦✉r
ré❢ér❡♥❝❡ ❧❡ ❚❙P ✭❚r✐s✐❧②❧ ▼ét❤②❧ P❤♦s♣❤❛t❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹
✸✳✶ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❝♦♥❢♦r♠❛t✐♦♥s ❞❡s s✉❝r❡s ♦❜s❡r✈é❡s ❡♥ ❘▼◆ ❡t
❝❡❧❧❡s ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ✳ ✳ ✽✾
✷✳✶ ❈❛r❛❝tér✐st✐q✉❡s ♠❛❥❡✉r❡s ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❡
❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❞✬❆▼❇❊❘✳ ❍❚ ✿ ❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡ r❡❧✐é ❛✉① ❛♠♠✐♥❡s
♣❧❛t✐♥é❡s✳ ▲❡ ❞ét❛✐❧ ❞❡ ❝❤❛q✉❡ rés✐❞✉ ❡st ♣rés❡♥té ❡♥ ❛♥♥❡①❡✱ ♣❛❣❡ ✷✺✼✳ ✳ ✷✵✹
✹✳✶ Pr♦t♦❝♦❧❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷✸
■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡
✶

❈❤❛♣✐tr❡ ✶
▲❡s ❝♦♠♣❧❡①❡s ❞❡ ♣❧❛t✐♥❡
✶✳✶ ▲❡ ❝✐s♣❧❛t✐♥❡
▲❡ ❝✐s♣❧❛t✐♥❡ ✭♦✉ ❝✐s✲❞✐❛♠♠✐♥❡✱ ❞✐❝❤❧♦r♦✲♣❧❛t✐♥❡✮ ❡st ❧✬✉♥ ❞❡s ❝♦♠♣♦sés ❝❤✐♠✐q✉❡s
❧❡s ♣❧✉s ✉t✐❧✐sés ❛❝t✉❡❧❧❡♠❡♥t ❡♥ ❝❤✐♠✐♦t❤ér❛♣✐❡ ❛♥t✐❝❛♥❝ér❡✉s❡ ✭✜❣✉r❡ ✶✳✶✮✳
❋✐❣✳ ✶✳✶ ✕ ▲❡ ❝✐s♣❧❛t✐♥❡
▲❛ ♣r❡♠✐èr❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ s❛ s②♥t❤ès❡ ❞❛t❡ ❞❡ ✶✽✹✺ ❬✶✹✼❪✳ ❊♥ ✶✾✻✺✱ ❇❛r♥❡tt ❘♦✲
s❡♥❜❡r❣✱ ❡♥ ét✉❞✐❛♥t ❧✬❡✛❡t ❞✉ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❊s❝❤❡r✐❝❤✐❛ ❈♦❧✐✱
♦❜s❡r✈❡ q✉❡ ❧❡s ❜❛❝tér✐❡s ♥❡ s❡ ❞✐✈✐s❡♥t ♣❧✉s ♠❛✐s ❞❡✈✐❡♥♥❡♥t ✜❧❛♠❡♥t❡✉s❡s ❧♦rsq✉✬❡❧❧❡s
s♦♥t ♣❧❛❝é❡s ❞❛♥s ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❢♦✉r♥✐ ♣❛r ❞❡s é❧❡❝tr♦❞❡s ❞❡ ♣❧❛t✐♥❡ ❬✶✻✷❪✳ ▲❡s
❡s♣è❝❡s ❝❤✐♠✐q✉❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❝❡tt❡ ❝r♦✐ss❛♥❝❡ ❛♥♦r♠❛❧❡ s♦♥t ✐❞❡♥t✐✜é❡s ❝♦♠♠❡
❞❡s s❡❧s ❞❡ ♣❧❛t✐♥❡✱ r❤♦❞✐✉♠ ❡t r✉t❤é♥✐✉♠✳ ▲✬❛♥❛❧②s❡ ❞❡s ❡s♣è❝❡s ❡♥ s♦❧✉t✐♦♥ ♣ré❝✐s❡ ❡♥✲
s✉✐t❡ q✉❡ ❝❡ s♦♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧❡s ❝♦♠♣❧❡①❡s ❝✐s✲❬Pt❈❧4✭◆❍3✮2❪ ❡t ❝✐s✲❬Pt❈❧2✭◆❍3✮2❪✱
❢♦r♠és ♣❛r ❧❛ ❧❡♥t❡ ❞✐ss♦❧✉t✐♦♥ ♣❛r é❧❡❝tr♦❧②s❡ ❞❡s é❧❡❝tr♦❞❡s ❞❡ ♣❧❛t✐♥❡ ❝♦♥t❡♥❛♥t ❞✉
❝❤❧♦r✉r❡ ❞✬❛♠♠♦♥✐✉♠✱ q✉✐ s♦♥t ❛❝t✐❢s ❬✶✻✶❪✳ P♦✉rs✉✐✈❛♥t ❧✬❛♥❛❧②s❡ ❞❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t
❛♥♦r♠❛❧✱ ✐❧ ❡♥ ❛ s✉rt♦✉t ❞é❞✉✐t ❞❡ ❝❡tt❡ ♦❜s❡r✈❛t✐♦♥ q✉❡ s✐ ❝❡s ❝♦♠♣♦sés ét❛✐❡♥t ❝❛✲
♣❛❜❧❡s ❞✬✐♥t❡rr♦♠♣r❡ ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡ s❛♥s t✉❡r ❧❡s ❜❛❝tér✐❡s✱ ✐❧s ♣♦✉rr❛✐❡♥t êtr❡
s✉s❝❡♣t✐❜❧❡s ❞✬❛rrêt❡r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞❡s ❝❡❧❧✉❧❡s ❝❛♥❝ér❡✉s❡s ❝❤❡③ ❧❡s ♠❛♠✲
♠✐❢èr❡s ❡t ❧✬❤♦♠♠❡ ❡♥ ♣❛rt✐❝✉❧✐❡r✳ ❈❡tt❡ ❤②♣♦t❤ès❡ ❛ été ✈❛❧✐❞é❡ ❡♥s✉✐t❡✱ ❧❡ ❝♦♠♣❧❡①❡
❝✐s✲❬Pt❈❧2✭◆❍3✮2❪ s❡ ré✈é❧❛♥t êtr❡ ❧❡ ♣❧✉s ❛❝t✐❢ ❞❡s ❞❡✉① s✉r ❧❡s ❝❡❧❧✉❧❡s t❡sté❡s ❬✶✻✸❪✳
▲❡s ♣r❡♠✐❡rs ❡ss❛✐s ❝❧✐♥✐q✉❡s ❝♦♠♠❡♥❝èr❡♥t ❡♥ ✶✾✼✶ ❡t ❧❡ ❝✐s♣❧❛t✐♥❡ ❡st ✉t✐❧✐sé ❞❡♣✉✐s
✶✾✼✾ ❞❛♥s ❧❡s t❤ér❛♣✐❡s ❛♥t✐✲❝❛♥❝ér❡✉s❡s✳ ❙♦♥ ❛❝t✐♦♥ ❡st ❧❛ ♣❧✉s ❡✣❝❛❝❡ ❞❛♥s ❧❡ ❝❛s ❞❡s
✸
✹ ❈❍❆P■❚❘❊ ✶✳ ▲❊❙ ❈❖▼P▲❊❳❊❙ ❉❊ P▲❆❚■◆❊
❝❛♥❝❡rs ❞❡s t❡st✐❝✉❧❡s ❡t ❞❡s ♦✈❛✐r❡s ❬✶✷✵❪ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ♣♦✉r ❧❡s ❝❛♥❝❡rs
❞✉ ♥❛s♦♣❤❛r②♥①✱ ❞❡ ❧❛ ✈❡ss✐❡✱ ❞❡s ♦s ❡t ❞❡ ❝❡rt❛✐♥s ❝❛♥❝❡rs ❞❡s ♣♦✉♠♦♥s ❬✶✵✱ ✶✺✷❪✳
❈❡♣❡♥❞❛♥t ❧❡ ❝✐s♣❧❛t✐♥❡ s❡ ré✈è❧❡ êtr❡ très t♦①✐q✉❡✱ ❝❡ q✉✐ ❛ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s
❡♠♣é❝❤é s♦♥ ❛♣♣r♦❜❛t✐♦♥ ♣❛r ❧❛ ❋♦♦❞ ❛♥❞ ❉r✉❣ ❆❞♠✐♥✐str❛t✐♦♥✳ ▲❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s
♣r✐♥❝✐♣❛✉① s♦♥t ❞❡ ❞❡✉① t②♣❡s ✿
✕ ❧❡s ♥❛✉sé❡s ❡t ✈♦♠✐ss❡♠❡♥ts q✉✐ ❛♣♣❛r❛✐ss❡♥t ✉♥❡ ❤❡✉r❡ ❛♣rès ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞✉
♠é❞✐❝❛♠❡♥t ❡t ❞✉r❡♥t q✉❡❧q✉❡s ❤❡✉r❡s ❀
✕ ❧❡s t♦①✐❝✐tés à ❧♦♥❣ t❡r♠❡✱ ❞♦♥t ❧❛ ♥é♣❤r♦t♦①✐❝✐té ❞✉❡ à ✉♥❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❞✉
❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❡s r❡✐♥s✱ ❧❛ ♥❡✉r♦t♦①✐❝✐té✱ ❧❛ ♠②é❧♦t♦①✐❝✐té ❡t ❧✬♦t♦t♦①✐❝✐té ✭♣❡rt❡
❞❡ ❝❛♣❛❝✐té ❛✉❞✐t✐✈❡✮ ❬✶✺✷❪✳
❊♥✜♥ ✉♥❡ rés✐st❛♥❝❡ ❛✉ tr❛✐t❡♠❡♥t ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ♣❡✉t ❛♣♣❛r❛îtr❡✱ ❝♦♠♠❡ ❝❡❧❛ s❡
♣r♦❞✉✐t ❡♥ ❣é♥ér❛❧ ❞❛♥s ❧❡s ❝❤✐♠✐♦t❤ér❛♣✐❡s✳
❈❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s s♦♥t ♠❛✐♥t❡♥❛♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❞✐♠✐♥✉és ♣❛r ❧✬❤②❞r❛t❛t✐♦♥
♣ré❛❧❛❜❧❡ ❞✉ ♣❛t✐❡♥t ✭✶ à ✷ ❧✐tr❡s ❞❡ sér✉♠ ♣❤②s✐♦❧♦❣✐q✉❡✮✱ ❧✬✐♥❢✉s✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❞✐❧✉é
❞❛♥s ❞❡s s♦❧✉t✐♦♥s s❛❧✐♥❡s ✭✵✱✸✲✵✱✺ ▼ ◆❛❈❧✮ ❝♦♥t❡♥❛♥t ✺ ✪ ❞❡ ❞❡①tr♦s❡ ❬✶✺✷❪✳ P♦✉r
❝♦♥tr❡r ❧❛ ♥é♣❤r♦t♦①✐❝✐té✱ ❞❡s ❝♦♠♣♦sés s♦✉❢rés s♦♥t ✉t✐❧✐sés ✭❝♦♠♠❡ ❧❡ t❤✐♦s✉❧❢❛t❡ ❞❡
s♦❞✐✉♠✱ ❧❡ ❞✐ét❤②❧❝❛r❜❛♠❛t❡✮ ♣♦✉r ré❞✉✐r❡ ❧❛ ✜①❛t✐♦♥ ❝♦✈❛❧❡♥t❡ ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❧❡s
♣r♦té✐♥❡s ré♥❛❧❡s✳
✶✳✷ ❆✉tr❡s ❝♦♠♣❧❡①❡s ❛❝t✐❢s ❝♦♥t❡♥❛♥t ❞✉ ♣❧❛t✐♥❡
▲♦rs ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❛✉① ❝♦♠♣❧❡①❡s ❞❡ ♣❧❛t✐♥❡ ♣rés❡♥t❛♥t ✉♥❡ ♠❡✐❧❧❡✉r❡
❡✣❝❛❝✐té t❤ér❛♣❡✉t✐q✉❡✱ ✐❧ ❛ été r❡♠❛rq✉é q✉❡ ❧❡s ❝♦♠♣♦sés ❛❝t✐❢s ❛✈❛✐❡♥t ❝❡rt❛✐♥❡s
❝❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s ❬✹✷✱ ✹✶❪✱ ❝❡ q✉✐ ❛ ♣❡r♠✐ ❞✬ét❛❜❧✐r ✉♥❡ ♣r❡♠✐èr❡ r❡❧❛t✐♦♥
str✉❝t✉r❡✲❛❝t✐✈✐té ✿
✕ ✉♥❡ ❣é♦♠étr✐❡ ✓ ♣❧❛♥✲❝❛rré ✔ ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s ❞❡ Pt✭■■✮ ♦✉ ♦❝t❛è❞r✐q✉❡ ♣♦✉r
❧❡s ❝♦♠♣❧❡①❡s ❞✉ Pt✭■❱✮ ❀
✕ ❧❛ ♣rés❡♥❝❡ ❞❡ ❞❡✉① ❧✐❣❛♥❞s ✐♥❡rt❡s ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐♦❧♦❣✐q✉❡s ✭❡♥ ❣é♥ér❛❧
❛♠✐♥❡s✮ ❡♥ ♣♦s✐t✐♦♥ ❝✐s ❀
✕ ❧❛ ♣rés❡♥❝❡ ❞❡ ❞❡✉① ❧✐❣❛♥❞s ♠♦♥♦❞❡♥t❛t❡s ❡♥ ♣♦s✐t✐♦♥ ❝✐s ♦✉ ❞✬✉♥ ❧✐❣❛♥❞ ❜✐❞❡♥✲
t❛t❡✱ ❧❛❜✐❧❡ ❀
✕ ✉♥❡ ❧❛❜✐❧✐té ✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ❣r♦✉♣❡s ♣❛rt❛♥ts ✿
✶✳ s✐ ❧❡s ❧✐❣❛♥❞s s♦♥t tr♦♣ ❧❛❜✐❧❡s ✭❝♦♠♠❡ ◆❖−3 ♦✉ ❙❖
2−
4 ✮✱ ❧❡ ❝♦♠♣❧❡①❡ ♣rés❡♥t❡ ✉♥❡
❢♦rt❡ t♦①✐❝✐té ❝❛r ✐❧ ré❛❣✐t ❛✈❡❝ ❧❡s ♣r♦té✐♥❡s ❞✉ ♣❧❛s♠❛ ❡t ❧❡s ♣r♦té✐♥❡s ré♥❛❧❡s
❬✶✶✱ ✷✵✽❪✱
✷✳ s✐ ❧❡s ❧✐❣❛♥❞s s♦♥t tr♦♣ ♣❡✉ ❧❛❜✐❧❡s ✭❝♦♠♠❡ ■−♦✉ ❙❈◆−✮✱ ❧❡ ❝♦♠♣❧❡①❡ ❛ ✉♥❡ ❢❛✐❜❧❡
❡✣❝❛❝✐té ❬✹✷✱ ✶✷✺❪✳
✶✳✷✳ ❆❯❚❘❊❙ ❈❖▼P▲❊❳❊❙ ❆❈❚■❋❙ ❈❖◆❚❊◆❆◆❚ ❉❯ P▲❆❚■◆❊ ✺
✕ ❧❛ ♣rés❡♥❝❡ ❞✬❛✉ ♠♦✐♥s ✉♥ ❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡ s✉r ❧❡s ❣r♦✉♣❡s ♥♦♥ ♣❛rt❛♥ts ❬✹✷✱
✽✼✱ ✶✺✽❪✳
❊♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❝❡s ❝❛r❛❝tér✐st✐q✉❡s✱ ❞❡s ❝♦♠♣❧❡①❡s ❞✐ts ❞❡ ❞❡✉①✐è♠❡ ❣é♥ér❛t✐♦♥
♦♥t été ❞é✈❡❧♦♣♣és ❞❛♥s ❧❡s ❛♥♥é❡s ✼✵✲✽✵✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧✐♠✐t❡r ❧❛ t♦①✐❝✐té ré♥❛❧❡ ❞✉❡
à ❧✬❛q✉❛t✐♦♥ ♣ré♠❛t✉ré❡ ❞❡s ❧✐❣❛♥❞s ❝❤❧♦r♦✳ P❛r♠✐ ❧❡s ♥♦♠❜r❡✉① ❝♦♠♣♦sés s②♥t❤ét✐sés✱
♣❧✉s ❞❡ ✶✺ s♦♥t ❡♥trés ❡♥ ♣❤❛s❡ ❞✬❡ss❛✐ ❝❧✐♥✐q✉❡ ♠❛✐s ✉♥ s❡✉❧ ❡st ❛❞♠✐♥✐stré ❛❝t✉❡❧❧❡♠❡♥t
❡♥ r♦✉t✐♥❡ ✿ ❧❡ ❝❛r❜♦♣❧❛t✐♥❡ ✭✜❣✉r❡ ✶✳✷✮✳
❋✐❣✳ ✶✳✷ ✕ ▲❡ ❝❛r❜♦♣❧❛t✐♥❡ ❬Pt✭◆❍✸✮2 ✭❝②❝❧♦❜✉t❛♥❡✲✶✱✶✲❞✐❝❛r❜♦①②❧❛t❡✮❪✳
▲❡ s♣❡❝tr❡ ❞✬❛❝t✐✈✐té ❞✉ ❝❛r❜♦♣❧❛t✐♥❡ ❡st ✐❞❡♥t✐q✉❡ à ❝❡❧✉✐ ❞✉ ❝✐s♣❧❛t✐♥❡✳ ❙❛ t♦①✐❝✐té
❡st ✐♥❢ér✐❡✉r❡ ✭s♦♥ ❧✐❣❛♥❞ ❞✐❝❛r❜♦①②❧❛t♦❝②❝❧♦❜✉t❛♥❡ ❡st ♠♦✐♥s ❧❛❜✐❧❡ q✉❡ ❧❡s ❧✐❣❛♥❞s
❝❤♦r✉r❡ ❞✉ ❝✐s♣❧❛t✐♥❡✮ ♠❛✐s s♦♥ ❛❝t✐✈✐té ❡st ❛✉ss✐ ♠♦✐♥❞r❡✳ P♦✉r ♦❜t❡♥✐r ✉♥❡ ❡✣❝❛❝✐té
éq✉✐✈❛❧❡♥t❡✱ ✐❧ ❢❛✉t ❛❞♠✐♥✐str❡r ❞❡s ❞♦s❡s ❞✐① ❢♦✐s s✉♣ér✐❡✉r❡s à ❝❡❧❧❡s ❞✉ ❝✐s✲❉❉P ❬✶✸✹❪✳
❉❡ ♣❧✉s✱ ✐❧ ♣rés❡♥t❡ ✉♥❡ rés✐st❛♥❝❡ ❝r♦✐sé❡ ❛✈❡❝ ❧❡ ❝✐s♣❧❛t✐♥❡ ❬✷❪✳
❉❡♣✉✐s q✉❡❧q✉❡s ❛♥♥é❡s✱ ❞❡ ♥♦♠❜r❡✉① ❝♦♠♣❧❡①❡s ❞❡ ♣❧❛t✐♥❡ ♥❡ r❡♠♣❧✐ss❛♥t ♣❛s
t♦✉t❡s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♣rés❡♥té❡s ♣ré❝é❞❡♠♠❡♥t✱ ♦♥t ré✈é❧é ✉♥❡ ❛❝t✐✈✐té ✐♥ ✈✐tr♦ ❡t
✐♥ ✈✐✈♦ ✿
✕ ❧❡s ❝♦♠♣❧❡①❡s ❞✐ts ✓ ❞❡ ❍♦❧❧✐s ✔✳ ■❧s ❝♦♠♣♦rt❡♥t tr♦✐s ❣r♦✉♣❡♠❡♥ts ✐♥❡rt❡s ✲ ❞❡✉①
❧✐❣❛♥❞s ❛♠♠✐♥❡ ❡♥ ♣♦s✐t✐♦♥ ❝✐s ❡t ✉♥ ❧✐❣❛♥❞ ❛♠✐♥❡ ❛r♦♠❛t✐q✉❡ ♦✉ ♣②r✐♠✐❞✐♥❡ ✲
❡t ♣♦ssè❞❡♥t ✉♥❡ ❛❝t✐✈✐té ✐♥ ✈✐✈♦✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❝♦♠♣❧❡①❡s ❬Pt❈❧✭◆❍3✮ 3❪ ♦✉
❬Pt❈❧✭❞✐❡♥✮❪ ❈❧ ❬✽✾✱ ✾✵❪ ✭✜❣✉r❡ ✶✳✸✮✳
✕ ❧❡s ❝♦♠♣❧❡①❡s ❞✐ts ✓ ❞❡ ❋❛rr❡❧ ✔ ❝♦♠♣♦rt❛♥t ❞❡✉① ♣❧❛t✐♥❡s sé♣❛rés ♣❛r ✉♥❡ ❝❤❛✐♥❡
❛❧✐♣❤❛t✐q✉❡✳ ❉❡✉① t②♣❡s s♦♥t ❞é❝r✐ts ❬✻✷✱ ✻✸❪ ✿
✶✳ ❞❡✉① ✉♥✐tés ❞❡ ❝✐s✲Pt✭❛♠♠✐♥❡✮2 ❜✐❢♦♥❝t✐♦♥♥❡❧s r❡❧✐é❡s ♣❛r ✉♥❡ ❝❤❛î♥❡ ❞✐❛♠♠✐♥❡
❞❡ ❧♦♥❣✉❡✉r ✈❛r✐❛❜❧❡ ✭✜❣✉r❡ ✶✳✹ ❛✮ ❀
✷✳ ❝♦♠♣❧❡①❡s ❜✐s✭♣❧❛t✐♥❡✮ ♠♦♥♦❢♦♥❝t✐♦♥♥❡❧s ❝❛t✐♦♥✐q✉❡s ✭✜❣✉r❡ ✶✳✹ ❜✮ ❀
❈❡s ❞❡✉① t②♣❡s ❞❡ ❝♦♠♣❧❡①❡ s♦♥t ❛❝t✐❢s ✐♥ ✈✐tr♦✳ ▲❡s ❝♦♠♣♦sés ❞❡ t②♣❡ ✶ s♦♥t é❣❛✲
❧❡♠❡♥t ❛❝t✐❢s ♣♦✉r ❧❡s ❧✐❣♥é❡s ❝❡❧❧✉❧❛✐r❡s rés✐st❛♥t❡s ❛✉ ❝✐s♣❧❛t✐♥❡ ❡t ✐♥ ✈✐tr♦✳
✻ ❈❍❆P■❚❘❊ ✶✳ ▲❊❙ ❈❖▼P▲❊❳❊❙ ❉❊ P▲❆❚■◆❊
✭❛✮ ❝✐s✲❬Pt❈❧✭◆❍3✮2✭♣②✮ +❪ ✭❜✮ ❝✐s✲❬Pt❈❧✭◆❍3✮2✭✶✲❈❍3❝②t✮+❪
❋✐❣✳ ✶✳✸ ✕ ▲❡s ❝♦♠♣❧❡①❡s ❞❡ ✓ ❍♦❧❧✐s ✔
✭❛✮ ✷✱✷✴❝✱❝❬④❝✐s✲Pt❈❧2✭◆❍3✮2⑥❍2◆✭❈❍2✮5◆❍2❪
✭❜✮ ✶✱✶✴t✱t❬④tr❛♥s✲Pt❈❧✭◆❍3✮2⑥2❍2◆✭❈❍2✮4◆❍2❪ 2+
❋✐❣✳ ✶✳✹ ✕ ▲❡s ❝♦♠♣❧❡①❡s ❞❡ ✓ ❋❛rr❡❧❧ ✔
❉❡ ♥♦♠❜r❡✉① ❛✉tr❡s t②♣❡s ❞❡ ❝♦♠♣❧❡①❡s ❡①✐st❡♥t ✭♥♦t❛♠♠❡♥t ❧❡s ❝♦♠♣❧❡①❡s ♦ù ❧❡s
❧✐❣❛♥❞s ♣❛rt❛♥ts s♦♥t ❡♥ tr❛♥s✮✱ ✉♥❡ ♣rés❡♥t❛t✐♦♥ ❞ét❛✐❧❧é❡ ❛ été ré❛❧✐sé❡ ♣❛r ❲♦♥❣ ❡t
●✐❛♥❞♦♠❡♥✐❝♦ ❬✷✵✼❪✳
✶✳✸✳ ❆❈❚■❖◆ ❙❯PP❖❙➱❊ ❉❯ ❈■❙P▲❆❚■◆❊ ❙❯❘ ▲❊❙ ❈❊▲▲❯▲❊❙ ❈❆◆❈➱❘❊❯❙❊❙✼
❚②♣❡ ❞✬❛❞❞✉✐t ❛❞❞✉✐t ❢♦r♠é ✭♣r♦♣♦rt✐♦♥✮ ❝♦✉❞❡ ✭✝✮ ❞ér♦✉❧❡♠❡♥t ✭✝✮
✐♥tr❛ ❜r✐♥
✭❣r❛♥❞ s✐❧❧♦♥✮
●●✲❝✐s✲Pt✭◆❍3✮2 ✭✻✺✪✮ ✸✷✲✸✹ ✭❊●✮ ❬✶✺❪ ✶✸ ✭❊●✮ ❬✶✹❪
✸✾✴✺✺ ✭❘❳✮❬✶✽✶❪
✭✷ ❝♦♥❢♦r♠❛t✐♦♥s✮
✺✽ ✭❘▼◆✮ ❬✷✶✵❪ ✷✶ ✭❘▼◆✮ ❬✷✶✵❪
✻✵ ✭❘▼◆✮ ❬✽✼❪ ✶✷✲✶✾ ✭❘▼◆✮ ❬✽✼❪
✼✽ ✭❘▼◆✮ ❬✼✶❪ ✷✺ ✭❘▼◆✮ ❬✼✶❪
✐♥tr❛ ❜r✐♥
✭❣r❛♥❞ s✐❧❧♦♥✮
❆●✲❝✐s✲Pt✭◆❍3✮2 ✭✷✺✪✮ ✸✷✲✸✹ ✭❊●✮ ❬✶✺❪ ✶✸ ✭❊●✮
✺✺ ✭❘▼◆✮ ❬✻✺❪ ✽✲✷✶ ✭❘▼◆✮ ❬✻✺❪
✐♥tr❛ ❜r✐♥
✭❣r❛♥❞ s✐❧❧♦♥✮
●❳●✲❝✐s✲Pt✭◆❍3✮2 ✭✻✪✮ ✸✷✲✸✹ ✭❊●✮ ❬✶✺❪ ✷✸ ✭❊●✮ ❬✶✹❪
✷✵ ✭❘▼◆✮ ❬✶✾✶❪ ✶✾ ✭❘▼◆✮ ❬✶✾✶❪
✐♥t❡r ❜r✐♥s
✭♣❡t✐t s✐❧❧♦♥✮
●●✲❝✐s✲Pt✭◆❍3✮2 ✭✹✪✮ ✹✺ ✭❊●✮ ❬✶✷✹❪ ✼✾ ✭❊●✮ ❬✶✷✹❪
✷✵ ✭❘▼◆✮ ❬✾✹❪ ✽✼ ✭❘▼◆✮ ❬✾✹❪
✹✵ ✭❘▼◆✮ ❬✶✹✵❪ ✼✻ ✭❘▼◆✮ ❬✶✹✵❪
❚❛❜✳ ✶✳✷ ✕ ❆❞❞✉✐ts ♠❛❥❡✉rs ♣r♦✈♦q✉és ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ❡t ❝❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s
✭❊● ✿ é❧❡❝tr♦♣❤♦rès❡ s✉r ❣❡❧✱ ❘▼◆ ✿ rés♦♥❛♥❝❡ ♠❛❣♥ét✐q✉❡ ♥✉❝❧é❛✐r❡✱ ❘❳ ✿ ❞✐✛r❛❝t✐♦♥
❛✉① r❛②♦♥s ❳✮
✶✳✸ ❆❝t✐♦♥ s✉♣♣♦sé❡ ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❧❡s ❝❡❧❧✉❧❡s ❝❛♥✲
❝ér❡✉s❡s
✶✳✸✳✶ ❆❞❞✉✐ts ❢♦r♠és
▲❛ ❝✐❜❧❡ ♠❛❥❡✉r❡ ❞✉ ❝✐s♣❧❛t✐♥❡ ❡st ❧✬❆❉◆ ❬✺✼❪✱ ❧❡ t❛❜❧❡❛✉ ✶✳✷ ♣rés❡♥t❡ ❧❡s ❝❛r❛❝té✲
r✐st✐q✉❡s ❞❡s ❛❞❞✉✐ts ♦❜s❡r✈és✳
▲❛ ✈❛❧❡✉r ❞✉ ❝♦✉❞❡ ♦❜t❡♥✉❡ ♣♦✉r ❧❡s ❞✐✛ér❡♥ts ❛❞❞✉✐ts ✈❛r✐❡ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t s❡❧♦♥
❧❛ ♠ét❤♦❞❡ ❞❡ ♠❡s✉r❡ ✉t✐❧✐sé❡ ✭é❧❡❝tr♦♣❤♦rès❡ s✉r ❣❡❧✱ ❘▼◆✱ ❞✐✛r❛❝t✐♦♥s ❞❡s r❛②♦♥s
❳✮✳ ▲❡ ❝♦✉❞❡ ♦❜s❡r✈é ❞✉r❛♥t ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣rés❡♥té❡s ❞❛♥s
❧❡ ❝❛❞r❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❞♦♥♥❡♥t ❞❡s ✈❛❧❡✉rs ❝♦♠♣r✐s❡s ❡♥tr❡ ❝❡❧❧❡s ♠❡s✉ré❡s ❡♥
❞✐✛r❛❝t✐♦♥ ❞❡s r❛②♦♥s ❳ ❡t ❞❡ ❧❛ ❘▼◆✳
✶✳✸✳✷ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❛❞❞✉✐ts ❞✉ ♣❧❛t✐♥❡
▲❛ ♠♦❞✐✜❝❛t✐♦♥ ❝♦♥❢♦r♠❛t✐♦♥♥❡❧❧❡ ❞❡ ❧✬❆❉◆ ♣❛r ❧❛ ✜①❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❞❡ ♣❧❛t✐♥❡
✐♥❞✉✐t ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝❡s ❧és✐♦♥s ♣❛r ❞❡s ♣r♦té✐♥❡s ❬✷✶✻❪✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ♣r♦✲
té✐♥❡s ♣♦ssé❞❛♥t ✉♥❡ séq✉❡♥❝❡ ❤♦♠♦❧♦❣✉❡ ❞❡ ✽✵ ❛❝✐❞❡s ❛♠✐♥és✱ ❛♣♣❡❧é❡ ❞♦♠❛✐♥❡ ❍▼●
❬✶✸✸✱ ✷✵✸❪✱ ♣rés❡♥t❡♥t ✉♥❡ ❣r❛♥❞❡ ❛✣♥✐té ♣♦✉r ❧❡s ❛❞❞✉✐ts ●●✲❝✐s✲Pt✭◆❍3✮2✳
✽ ❈❍❆P■❚❘❊ ✶✳ ▲❊❙ ❈❖▼P▲❊❳❊❙ ❉❊ P▲❆❚■◆❊
▲❡s ♣r♦té✐♥❡s à ❞♦♠❛✐♥❡ ❍▼● ♦♥t ❧❛ ❢❛❝✉❧té ❞❡ ❝♦✉r❜❡r ❧✬❆❉◆ ❧✐♥é❛✐r❡ ❡t ❞❡ r❡❝♦♥✲
♥❛îtr❡ ❞❡s ré❣✐♦♥s ❝♦✉❞é❡s ❞❡ ❧✬❆❉◆✳ ❯♥❡ ❢♦✐s ❧✐é❡s à ❧✬❆❉◆ ♠♦❞✐✜é ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡✱ ❝❡s
♣r♦té✐♥❡s ❛❝❝❡♥t✉❡♥t ❧❡ ❝♦✉❞❡ ❞û ❛✉① ❛❞❞✉✐ts ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡t ❆●✲❝✐s✲❬Pt✭◆❍3✮2❪
❥✉sq✉✬à ✉♥❡ ✈❛❧❡✉r ❞❡ ✼✵ à ✾✵✝❬✸✼❪✳ ▲❡s ♣r♦té✐♥❡s ❍▼● s❡ ❧✐❡♥t ❞❛♥s ❧❡ ♣❡t✐t s✐❧❧♦♥ ❞❡
❧✬❆❉◆ ❡t r❡❝♦♥♥❛✐tr❛✐❡♥t ❧❛ ❝♦✉r❜✉r❡ ✐♥❞✉✐t❡ ♣❛s ❧❡s ❛❞❞✉✐ts ✶✱✷ ✐♥tr❛✲❜r✐♥ ❞✉ ❝✐s♣❧❛✲
t✐♥❡ ❬✶✸✸❪✳ ▲❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬❛❞❞✉✐t ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ✐♥t❡r✲❜r✐♥s ❞✉ ❝✐s♣❧❛t✐♥❡ ❛
é❣❛❧❡♠❡♥t été ♦❜s❡r✈é❡ ❬✶✵✶❪ ❀ ❧✬❛❞❞✉✐t ✶✱✸ ✐♥tr❛✲❜r✐♥ q✉✐ ❛❝❝r♦ît ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧✬❆❉◆
♥✬❡st ♣❛s r❡❝♦♥♥✉ ❬✶✹✽❪✳ P♦✉r ❧✬❛❞❞✉✐t ●❚●✲❝✐s✲❬Pt✭◆❍3✮2❪✱ ❧✬❡♠♣✐❧❡♠❡♥t ❞❡ ❧❛ t❤②♠✐♥❡
❛✉ ❞❡ss✉s ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♣❧❛t✐♥é❡ ♣❡rt✉r❜❡ ❞❛✈❛♥t❛❣❡ ❧❡ ♣❡t✐t s✐❧❧♦♥ ❞❡ ❧✬❆❉◆ q✉❡ ❧❡s
❛❞❞✉✐ts ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡t ❆●✲❝✐s✲❬Pt✭◆❍3✮2❪❬✶✾✶❪✳ ▲❡s ❛❞❞✉✐ts ❞✉ tr❛♥s♣❧❛t✐♥❡ ♥❡
s♦♥t ♣❛s r❡❝♦♥♥✉s ❬✶✸✸❪✳
▲❡s ❛✣♥✐tés ❞✉ ❞♦♠❛✐♥❡ ❍▼● ✐s♦❧é ♦✉ ❞❡ ❧❛ ♣r♦té✐♥❡ ❡♥t✐èr❡ s♦♥t ❝♦♠♣❛r❛❜❧❡s
✭❑❞ ❂ ✶✵−6 à ✶✵−7 ▼✮✳ ▲❛ ♣❧❛t✐♥❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❛✉❣♠❡♥t❡ ❝❡tt❡ ❛✣♥✐té ❞❡ ✹ à ✶✵✵ ❢♦✐s
❝♦♠♣❛ré❡ à ❧✬❛✣♥✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ❛✈❡❝ ❧✬❆❉◆ ♥♦♥ ♠♦❞✐✜é ❬✷✶✻❪✳ ▲❡ ❞♦♠❛✐♥❡ ❆ ❞❡
❧❛ ♣r♦té✐♥❡ ❍▼●✶ ❛ ✉♥❡ ❛✣♥✐té q✉✐ ✈❛r✐❡ ❞❡ ♣❧✉s ❞❡ ❞❡✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r s✉✐✈❛♥t
❧❡s séq✉❡♥❝❡s ét✉❞✐é❡s✱ ❝❡❧❧❡✲❝✐ ét❛♥t ♠❛①✐♠❛❧❡ ♣♦✉r ❆●✯●✯❆ ✭❧✬❛stér✐sq✉❡ ✐♥❞✐q✉❛♥t ❧❛
❜❛s❡ ♣❧❛t✐♥é❡✮✳ ❉❛♥s ❝❡ ❝❛s✱ ❧✬❛✣♥✐té ❡st ❛❧♦rs ❛✉❣♠❡♥té❡ ❞✬✉♥ ❢❛❝t❡✉r ✶✵✵✵ ♣❛r ❧✬❛❞❞✉✐t
●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❬✺✺❪✳
❉✬❛✉tr❡s ♣r♦té✐♥❡s q✉✐ ♥❡ ♣♦ssè❞❡♥t ♣❛s ❞❡ ❞♦♠❛✐♥❡ ❍▼● ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t s❡ ❧✐❡r
❛✉① ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ❬✶✸✸✱ ✶✹✸✱ ✶✽✾❪✳ ❘é❝❡♠♠❡♥t✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡s ♣r♦té✐♥❡s
❤✐st♦♥❡s✱ ♣r♦té✐♥❡s q✉✐ s♦♥t ✶✵ ❢♦✐s ♣❧✉s ❛❜♦♥❞❛♥t❡s ❞❛♥s ❧❡ ♥♦②❛✉ q✉❡ ❍▼●✶✱ ♦♥t ✉♥❡
❛✣♥✐té ✷✵ ❢♦✐s ♣❧✉s ❣r❛♥❞❡ ♣♦✉r ❧✬❆❉◆ ♣❧❛t✐♥é q✉❡ ❍▼●✶ ❬✷✵✾✱ ✷✶✻❪✳ ❈❡s ♣r♦té✐♥❡s✱
❝♦♠♠❡ ❧❡s ♣r♦té✐♥❡s à ❞♦♠❛✐♥❡ ❍▼●✱ s❡ ❧✐❡♥t à ❧✬❆❉◆ ❞❡ ❧✐❛✐s♦♥ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ❡t
r❡❝♦♥♥❛✐ss❡♥t ❧❡s ❝♦✉❞❡s ❡t ❧❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧✬❆❉◆✳
▲❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ♣❛r ❧❡s ♣r♦té✐♥❡s ✐♥t❡r✈✐❡♥t à ❞✐✛ér❡♥ts
♥✐✈❡❛✉① ❞❛♥s ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té ❛♥t✐t✉♠♦r❛❧❡ ✿
✕ ❧❡s ♣r♦té✐♥❡s ♣❡✉✈❡♥t s❡r✈✐r ❞✬é❧é♠❡♥ts ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ♣♦✉r ❧❛ ré♣❛r❛t✐♦♥✱ ♣❛r
❧❡ s②stè♠❡ ❞✬❡①❝✐s✐♦♥✲ré♣❛r❛t✐♦♥ ❞✉ ♥♦②❛✉ ✭◆❊❘ ✿ ◆✉❝❧❡♦t✐❞❡ ❊①❝✐s✐♦♥ ❘❡♣❛✐r✮✱
❞❡s ♥✉❝❧é♦t✐❞❡s✳ P❛r ❡①❡♠♣❧❡ ❧❛ ♣r♦té✐♥❡ ❤❘P❆✱ ❝❤❛r❣é❡ ❞❡ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s
❧és✐♦♥s ❧♦rs ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ♣❛r ❡①❝✐s✐♦♥✱ ❛ q✉❛tr❡ à s✐① ❢♦✐s ♣❧✉s ❞✬❛✣♥✐té ♣♦✉r
❧✬❛❞❞✉✐t ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ q✉❡ ♣♦✉r ❧✬❆❉◆ ♥♦♥ ♣❧❛t✐♥é ❬✶✹✹❪✳ ▲❡s ♣r♦té✐♥❡s ❞✉
s②stè♠❡ ❞❡ r❡❝♦♥♥❛✐s❛♥❝❡ ❡t ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ♠és❛♣♣❛r✐❡♠❡♥ts s♦♥t ❞é✜❝✐❡♥t❡s
❞❛♥s ❝❡rt❛✐♥❡s ❝❡❧❧✉❧❡s rés✐st❛♥t❡s ❛✉ ❝✐s♣❧❛t✐♥❡✳ ▲❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❛❞❞✉✐t❡s
❝✐s♣❧❛t✐♥❡✲❆❉◆ ♣❛r ❧❡s ♣r♦té✐♥❡s ❞❡ ré♣❛r❛t✐♦♥ s❡♠❜❧❡ s❡r✈✐r ❞❡ s✐❣♥❛❧ ✐♥✐t✐❛♥t ❧❡s
é✈é♥❡♠❡♥ts ♠❡♥❛♥t à ❧✬❛♣♦♣t♦s❡✳
✕ ❧❡s ♣r♦té✐♥❡s ♣❡✉✈❡♥t ❜❧♦q✉❡r ❧✬❛❝❝ès ❞❡s ❛❞❞✉✐ts ❛✉① ♣r♦té✐♥❡s ❞❡ ré♣❛r❛t✐♦♥ ❬✶✹✹❪✳
▲✬✐♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❞❡s ❛❞❞✉✐ts ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡t ❆●✲❝✐s✲❬Pt✭◆❍3✮2❪
❡st ♣r♦✈♦q✉é❡ ♣❛r ❧❛ ✜①❛t✐♦♥ ❞❡s ♣r♦té✐♥❡s ❍▼●✶ ❡t ts❍▼● ❡♠♣ê❝❤❛♥t ❧❛ ♣r♦✲
✶✳✸✳ ❆❈❚■❖◆ ❙❯PP❖❙➱❊ ❉❯ ❈■❙P▲❆❚■◆❊ ❙❯❘ ▲❊❙ ❈❊▲▲❯▲❊❙ ❈❆◆❈➱❘❊❯❙❊❙✾
té✐♥❡ ❤❘P❆ ❞❡ s✬② ✜①❡r✳
✕ ❧❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ❡♥tr❡r❛✐❡♥t ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧❡ s✐t❡ ♥❛t✉r❡❧ ❞❡ ❧✐❛✐s♦♥
❡t ❜❧♦q✉❡r❛✐❡♥t ❛✐♥s✐ s❛ ❢♦♥❝t✐♦♥ ♥♦r♠❛❧❡✳ P❛r ❡①❡♠♣❧❡ ❧❡ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥
r✐❜♦s♦♠❛❧ ❤❯❇❋ à ❞♦♠❛✐♥❡ ❍▼● ❆✱ ✐♥ ✈✐tr♦✱ ✉♥❡ ❛✣♥✐té ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡
❣r❛♥❞❡✉r ♣♦✉r s♦♥ s✐t❡ ♥❛t✉r❡❧ ❞❡ ❧✐❛✐s♦♥ q✉❡ ♣♦✉r ❧✬❛❞❞✉✐t ●●✲❝✐s✲❬Pt✭◆❍3✮2❪✳
❆ ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❡♥ ❝✐s♣❧❛t✐♥❡ ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s tr❛✐té❡s✱ ❧❡s
❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ♣❡✉✈❡♥t ❞ét♦✉r♥❡r ❤❯❇❋ ❞❡ s❛ ❝✐❜❧❡ ♥❛t✉r❡❧❧❡ ❬✶✽✽❪✳
✶✳✸✳✸ ■♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ ré♣❧✐❝❛t✐♦♥
■♥ ✈✐✈♦ ❡t ✐♥ ✈✐tr♦✱ ❧❡ ❝✐s♣❧❛t✐♥❡ ✐♥❤✐❜❡ ❧❛ ré♣♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❬✷✷✱ ✶✹✾❪✳ ▲❡s
❞✐❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ❜❧♦q✉❡♥t ❧❛ s②♥t❤ès❡ ❞❡ ❧✬❆❉◆ ❛✈❡❝ ❞❡s ❡✣❝❛❝✐tés ❞✐✛ér❡♥t❡s✳
▲❛ ❧és✐♦♥ ♠❛❥♦r✐t❛✐r❡ ❞✉ ❝✐s♣❧❛t✐♥❡ ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡st ❧❛ ♣❧✉s ❡✣❝❛❝❡ ❬✹✸❪✳ ▲❡s
♠♦♥♦❛❞❞✉✐ts ❢♦r♠és ♣❛r ❬Pt✭❞✐❡♥✮❈❧❪+ ♥❡ ❜❧♦q✉❡♥t ♣❛s ❧❛ s②♥t❤ès❡ ❞❡ ❧✬❆❉◆ ❬✽✺✱ ✶✹✾❪✳
❚♦✉t❡❢♦✐s✱ ❧✬❛❝t✐✈✐té ❞❡s ♠♦♥♦❛❞❞✉✐ts s❡♠❜❧❡ ❞é♣❡♥❞r❡ ❞❡ ❧❛ ♣♦❧②♠ér❛s❡ ét✉❞✐é❡ ❬✽✽❪✳
▲✬✐♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ ré♣❧✐❝❛t✐♦♥ ♥❡ s❡♠❜❧❡ ♣❛s ❧❛ ❝❛✉s❡ ♣r✐♥❝✐♣❛❧❡ ❞❡ ❧❛ ♠♦rt ❝❡❧❧✉❧❛✐r❡✳
❊♥ ❡✛❡t✱ ❧❡ tr❛♥s♣❧❛t✐♥❡✱ ✐s♦♠èr❡ ❝❧✐♥✐q✉❡♠❡♥t ✐♥❛❝t✐❢ ❞✉ ❝✐s♣❧❛t✐♥❡✱ ✐♥❤✐❜❡ ❧❛ ré♣❧✐❝❛t✐♦♥
❞❡ ❧✬❆❉◆ ❛✈❡❝ ❧❡ ♠ê♠❡ t❛✉① ❞❡ ❧és✐♦♥s s✉r ❧✬❆❉◆ q✉❡ ❧❡ ❝✐s♣❧❛t✐♥❡ ❬✸✾❪✳ ❉❡ ♣❧✉s✱ ❧❛
❞♦s❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ❜❧♦q✉❡r ❧❛ ré♣❧✐❝❛t✐♦♥ ❡st s✉♣ér✐❡✉r❡ à ❧❛ ❞♦s❡ q✉✐ ✐♥❞✉✐t ❧❛ ♠♦rt
❝❡❧❧✉❧❛✐r❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❧❡✉❝é♠✐q✉❡s ▲✷✶✵ ❬✶✻✼❪✳
▲❡s ❝❡❧❧✉❧❡s tr❛✐té❡s ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ❛rrêt❡♥t ❧❡✉r ❝②❝❧❡ ❝❡❧❧✉❧❛✐r❡ ❡♥ ♣❤❛s❡ ●✷ ❞♦♥❝
❛♣rès ❧❛ ré♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡t ❛✈❛♥t ❧❛ ♠✐t♦s❡ ❬✶✼✼✱ ✶✼✽❪✳
✶✳✸✳✹ ■♥✐❜✐t✐♦♥ ❞❡ ❧❛ tr❛♥s❝r✐♣t✐♦♥
▲❡s ❞✐❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❧✬❆❉◆ ✐♥❤✐❜❡♥t ❧❛ tr❛♥s❝r✐♣t✐♦♥ ❬✹✹✱ ✹✺✱ ✹✻❪✱ ❝♦♥tr❛✐✲
r❡♠❡♥t ❛✉① ♠♦♥♦❛❞❞✉✐ts ❞✉ ❬Pt✭❞✐❡♥✮❈❧❪+ q✉✐ ♥✬✐♥❞✉✐s❡♥t q✉✬✉♥❡ ✐♥❤✐❜✐t✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡
❧❛ tr❛♥s❝r✐♣t✐♦♥✳ ❉❡ ♠ê♠❡ q✉❡ ❧❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡✱ ❝❡✉① ❞✉ tr❛♥s♣❧❛t✐♥❡ ✐♥❤✐❜❡♥t
❧❛ tr❛♥s❝r✐♣t✐♦♥ ♠❛✐s ❞❡ ❢❛ç♦♥ ♠♦✐♥s ❡✣❝❛❝❡✳ ▲❡ t❛✉① ❞❡ tr❛♥s❝r✐♣t✐♦♥ tr❛♥s❧és✐♦♥♥❡❧❧❡
✭❛✉✲❞❡❧à ❞❡ ❧✬❛❞❞✉✐t✮ ❞❡ ❧✬❆❘◆ ♣♦❧②♠ér❛s❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s é❧❡✈é ❛♣rès tr❛✐t❡♠❡♥t ♣❛r
❧❡ tr❛♥s♣❧❛t✐♥❡ q✉✬❛♣rès tr❛✐t❡♠❡♥t ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ✭✻✵✲✼✻ ✪ ❡t ✵✲✶✻ ✪ r❡s♣❡❝t✐✈❡♠❡♥t✮✳
▲✬✐♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ tr❛♥s❝r✐♣t✐♦♥ ♣♦✉rr❛✐t ❞♦♥❝ ❝♦♥tr✐❜✉❡r à ❧❛ ❞✐✛ér❡♥❝❡ ❞✬❛❝t✐✈✐té ❡♥tr❡
❝❡s ❞❡✉① ✐s♦♠èr❡s✳
■❧ ❡st ❝❡♣❡♥❞❛♥t à ♥♦t❡r q✉❡ ❧❡s ❣è♥❡s ❞♦♥t ❧❡ t❛✉① ❞❡ tr❛♥s❝r✐♣t✐♦♥ ❡st é❧❡✈é s♦♥t
❧❡s ♣❧✉s r❛♣✐❞❡♠❡♥t ré♣❛rés ❬✼✾❪✱ ❞❡ s♦rt❡ q✉✬✐❧ ❢❛✉t ✉♥❡ q✉❛♥t✐té ❞❡ ❝✐s♣❧❛t✐♥❡ ♣❧✉s
✐♠♣♦rt❛♥t❡ ♣♦✉r ✐♥❤✐❜❡r ❧❛ tr❛♥s❝r✐♣t✐♦♥ q✉❡ ♣♦✉r ✐♥❤✐❜❡r ❧❛ ré♣❧✐❝❛t✐♦♥✳
✶✵ ❈❍❆P■❚❘❊ ✶✳ ▲❊❙ ❈❖▼P▲❊❳❊❙ ❉❊ P▲❆❚■◆❊
✶✳✸✳✺ ❘é♣❛r❛t✐♦♥ ❞❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡
❙✉r ❧❡s ❧❡✉❝♦❝②t❡s ❞❡ ♣❛t✐❡♥ts tr❛✐tés ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡✱ ♣❧✉s ❧❡s ❛❞❞✉✐ts ❝✐s♣❧❛t✐♥❡✲
❆❉◆ s♦♥t ré♣❛rés✱ ♣❧✉s ❧❛ ré♣♦♥s❡ ❝❧✐♥✐q✉❡ ❡st ❢❛✐❜❧❡ ❬✷✶✸❪✳ ❉❡ ♠ê♠❡✱ ❧❡s ❝❡❧❧✉❧❡s ❞é✲
✜❝✐❡♥t❡s ❡♥ s②stè♠❡ ❞❡ ré♣❛r❛t✐♦♥ s♦♥t ♣❧✉s s❡♥s✐❜❧❡s ❛✉ tr❛✐t❡♠❡♥t ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡
q✉❡ ❧❡s ❝❡❧❧✉❧❡s s❛✉✈❛❣❡s ❬✺✷❪ ❀ ❡t ❧❡s ❝❡❧❧✉❧❡s rés✐st❛♥t❡s à ❧❛ ❞r♦❣✉❡ ♦♥t ✉♥❡ ❝❛♣❛❝✐té ❞❡
ré♣❛r❛t✐♦♥ s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡s ❝❡❧❧✉❧❡s s❛✉✈❛❣❡s✳
❚♦✉s ❧❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ♥❡ s♦♥t ♣❛s ré♣❛rés ❛✈❡❝ ❧❛ ♠ê♠❡ ❡✣❝❛❝✐té✳ ▲❡s ❛❞✲
❞✉✐ts ●❳●✲❝✐s✲❬Pt✭◆❍3✮2❪ s♦♥t ré♣❛rés ✶✺ à ✷✵ ❢♦✐s ♣❧✉s ❡✣❝❛❝❡♠❡♥t q✉❡ ❧❡s ❛❞❞✉✐ts
●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡t ❆●✲❝✐s✲❬Pt✭◆❍3✮2❪✳ ❆ ♣❛rt✐r ❞✬❡①tr❛✐ts ❞❡ ❝❡❧❧✉❧❡s ❤✉♠❛✐♥❡s✱ ❧✬❛❞✲
❞✉✐t ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ♥✬❡st ♣❛s ré♣❛ré ♣❛r ❧❡ s②stè♠❡ ❞❡ ré♣❛r❛t✐♦♥ ♣❛r ❡①❝✐s✐♦♥ ❞❡s
♥✉❝❧é♦t✐❞❡s✳ ❯♥❡ ❢♦✐s ❧✬❛❞❞✉✐t ❡①❝✐sé ♣❛r ❧❡ s②stè♠❡ ❯✈r❆❇❈ ❞❡ ❊✳ ❝♦❧✐✱ ❡t ❛♣rès ✉♥❡
ét❛♣❡ ❞❡ ❧✐❣❛t✐♦♥✱ ❧❛ ré♣❛r❛t✐♦♥ ❡st ❝♦♠♣❧èt❡✳ ▲❡s ❞✐✛ér❡♥t❡s ét✉❞❡s ♦♥t ♠♦♥tré q✉❡
❧✬♦r❞r❡ ❞❡s ✈✐t❡ss❡s ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡ ❡st ❧❡ s✉✐✈❛♥t ✿ ●❳●✲❝✐s✲
❬Pt✭◆❍3✮2❪ ❃ ❆●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❃ ●●✲❝✐s✲❬Pt✭◆❍3✮2❪✳ ❈❡s rés✉❧t❛ts ✐♠♣❧✐q✉❡♥t q✉❡
❧❡s ❡♥③②♠❡s ❤✉♠❛✐♥❡s ❞✉ s②stè♠❡ ❞❡ ré♣❛r❛t✐♦♥ ❡①❝✐s❡♥t ❞✐✣❝✐❧❡♠❡♥t ❧✬❛❞❞✉✐t ●●✲
❝✐s✲❬Pt✭◆❍3✮2❪✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧❡s ét✉❞❡s ✐♥ ✈✐tr♦ ♦♥t ♠♦♥tré q✉❡ ❧❡ s②stè♠❡ ❞❡
ré♣❛r❛t✐♦♥ ♣❛r ❡①❝✐s✐♦♥ ❞❡s ♥✉❝❧é♦t✐❞❡s ❡st ❧❡ s②stè♠❡ ✐♠♣❧✐q✉é ❞❛♥s ❧❛ ré♣❛r❛t✐♦♥ ❞❡s
❛❞❞✉✐ts ❝✐s♣❧❛t✐♥❡✲❆❉◆✳
❙✐ ❧❡s ❣✉❛♥✐♥❡s ❞❡ ❧✬❛❞❞✉✐t ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ s♦♥t ♠és❛♣♣❛r✐é❡s ❛✈❡❝ ✉♥❡ ♦✉ ❞❡✉①
t❤②♠✐♥❡s✱ ❧❛ ré♣❛r❛t✐♦♥ ❡st ❛✉❣♠❡♥té❡ ❞❡ ❢❛ç♦♥ ✐♠♣♦rt❛♥t❡✳ ▲❛ ❞✐✛ér❡♥❝❡ str✉❝t✉r❛❧❡
❡♥tr❡ ❧❡s ❛❞❞✉✐ts ✶✱✷ ❡t ✶✱✸✲❝✐s♣❧❛t✐♥❡ s❡♠❜❧❡ ❞♦♥❝ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré♣❛✲
r❛t✐♦♥ ❡♥tr❡ ❧❡s ❛❞❞✉✐ts✳
▲❛ ❝❛♣❛❝✐té ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ❧és✐♦♥s ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❧✬❆❉◆ ✈❛r✐❡ t♦✉t❡❢♦✐s ❡♥
❢♦♥❝t✐♦♥ ❞✉ t✐ss✉ ❞♦♥t s♦♥t ❡①tr❛✐t❡s ❧❡s ♣r♦té✐♥❡s✱ ♠❛✐s ♥✬❡st ♣❛s ❧✐é❡ ❛✉ ♣r♦✜❧ ❞❡
t♦①✐❝✐té ❞✉ ❝✐s♣❧❛t✐♥❡✳
✶✳✸✳✻ Pr♦♣r✐étés ♠✉t❛❣è♥❡s ❞❡s ❛❞❞✉✐ts ❞✉ ❝✐s♣❧❛t✐♥❡
❆ ❧♦♥❣ t❡r♠❡✱ ❧❡ ❝✐s♣❧❛t✐♥❡ ♣r♦✈♦q✉❡ ❞❡s ♠✉t❛t✐♦♥s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡✲
♠❡♥t ❞❡ t✉♠❡✉rs s❡❝♦♥❞❛✐r❡s✳ ▲❛ ré♣❧✐❝❛t✐♦♥ tr❛♥s❧és✐♦♥♥❡❧❧❡ ❞❡s ❛❞❞✉✐ts ❝✐s♣❧❛t✐♥❡✲
❆❉◆ ❡st ✉♥❡ ❞❡s s♦✉r❝❡ ❞❡s ♠✉t❛t✐♦♥s✳
▲❡s ❛❞❞✉✐ts ●●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡t ❆●✲❝✐s✲❬Pt✭◆❍3✮2❪ ♣r♦❞✉✐s❡♥t r❡s♣❡❝t✐✈❡♠❡♥t
♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s tr❛♥s✈❡rs✐♦♥s ❞❡ ●5′ ❡♥ ❚ ❡t ❞❡ ❆5′ ❡♥ ❚ ❬✷✶✱ ✷✹✱ ✷✶✷❪✳ ▲✬❛❞❞✉✐t
❆●✲❝✐s✲❬Pt✭◆❍3✮2❪ ❡st ❡♥✈✐r♦♥ ✺ ❢♦✐s ♣❧✉s ♠✉t❛❣è♥❡ q✉❡ ❧✬❛❞❞✉✐t ●●✲❝✐s✲❬Pt✭◆❍3✮2❪✳
❆✉❝✉♥❡ ♠✉t❛t✐♦♥ s♣é❝✐✜q✉❡ ♥✬❛ été ♦❜s❡r✈é❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛❞❞✉✐t ●❳●✲❝✐s✲❬Pt✭◆❍3✮2❪
❛❧♦rs q✉✬✐❧ ❜❧♦q✉❡ ♠♦✐♥s ❡✣❝❛❝❡♠❡♥t ❧❡s ❆❉◆ ♣♦❧②♠ér❛s❡s q✉❡ ❧❡s ❛❞❞✉✐ts ✶✱✷✲❝✐s✲Pt✳
▲❛ tr❛♥s✈❡rs✐♦♥ s♣é❝✐✜q✉❡ ❞❡ ❧❛ ❜❛s❡ ✺✬ ❞❡s ❛❞❞✉✐ts ✶✱✷✲❝✐s✲Pt ♣❡✉t êtr❡ ❝♦rré❧é❡ à ❧❛
♣❧✉s ❣r❛♥❞❡ ❞é❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❜❛s❡ ❞✉ ❝ôté ✺✬✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❞♦✐t êtr❡ ♣♦♥❞éré❡
✶✳✸✳ ❆❈❚■❖◆ ❙❯PP❖❙➱❊ ❉❯ ❈■❙P▲❆❚■◆❊ ❙❯❘ ▲❊❙ ❈❊▲▲❯▲❊❙ ❈❆◆❈➱❘❊❯❙❊❙✶✶
♣❛r ❧❛ ❢❛✐❜❧❡ ♠✉t❛❣é♥✐❝✐té ❞❡s ❛❞❞✉✐ts ✶✱✸✲❝✐s✲Pt ❛❧♦rs q✉❡ ❝❡✉①✲❝✐ ❞é❢♦r♠❡♥t ❞❛✈❛♥t❛❣❡
❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡✳
❯♥❡ ♣r♦♣♦rt✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s ♠✉t❛t✐♦♥s ✐♥❞✉✐t❡s ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ s❡ tr❛❞✉✐t ❛✉ss✐
♣❛r ❧❛ ❞é❧ét✐♦♥ ❞❡ ❢r❛❣♠❡♥ts ❞✬❆❉◆ ❬✷✸✱ ✹✵❪✳
✶✳✸✳✼ ❘és✐st❛♥❝❡ ❛✉ ❝✐s♣❧❛t✐♥❡
▲❛ rés✐st❛♥❝❡ ❝❡❧❧✉❧❛✐r❡ ❛❝q✉✐s❡ ❛✉ ❝✐s♣❧❛t✐♥❡ q✉✐ ❛♣♣❛r❛ît ❛♣rès ✉♥❡ ré♣♦♥s❡ ✐♥✐t✐❛❧❡
❞❡ ❧❛ t✉♠❡✉r à ❧❛ ❝❤✐♠✐♦t❤ér❛♣✐❡ ❡st ❧❛ ❝❛✉s❡ ♠❛❥❡✉r❡ ❞❡s é❝❤❡❝s ❞✉ tr❛✐t❡♠❡♥t ❞❡s
❝❛♥❝❡rs ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡✳
P❧✉s✐❡✉rs ♠é❝❛♥✐s♠❡s s♦♥t ✐♠♣❧✐q✉és ❞❛♥s ❝❡ ♣❤é♥♦♠è♥❡ ✿
✕ ❧✬❛❝❝✉♠✉❧❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❛ ❝❡❧❧✉❧❡ ♣❡✉t ❞✐♠✐♥✉❡r ❞❡ ✺✵✪✳ ❈❡♣❡♥❞❛♥t ❧❛
❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ❝✐s♣❧❛t✐♥❡ à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❝❡❧❧✉❧❡ ♣❡✉t êtr❡ ❢❛✐❜❧❡✱
♠ê♠❡ ♣♦✉r ❞❡s ♥✐✈❡❛✉① ❞❡ rés✐st❛♥❝❡ é❧❡✈és ❬✶✵✸✱ ✶✹✻❪✳
✕ ❝❡tt❡ ❞é❝r♦✐ss❛♥❝❡ s✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ t❛✉① ✐♥tr❛❝❡❧❧✉❧❛✐r❡ ❞❡
❝♦♠♣♦sés s♦✉❢rés t❡❧s q✉❡ ❧❡ ❣❧✉t❛t❤✐♦♥ ❡t ❧❡s ♠ét❛❧❧♦t❤✐♦♥é✐♥❡s✱ ❛✐♥s✐ q✉❡ ❞❡
❧✬❛❝t✐✈✐té ❞❡ ❧❛ ●❙❍ tr❛♥s❢ér❛s❡✳ ▲❛ ♣♦♠♣❡ à ●❙✲❳ ❡st s✉r❛❝t✐✈é❡ ❝❡ q✉✐ ❡♥tr❛î♥❡ ❧❡
tr❛♥s♣♦rt q✉❛tr❡ ❢♦✐s ♣❧✉s ✐♠♣♦rt❛♥t ❞❡s ❝♦♠♣❧❡①❡s ❣❧✉t❛t❤✐♦♥✲❝✐s♣❧❛t✐♥❡ à tr❛✈❡rs
❧❛ ♠❡♠❜r❛♥❡ ❝❤❡③ ❧❡s ❝❡❧❧✉❧❡s rés✐st❛♥t❡s ❛✉① ❝✐s♣❧❛t✐♥❡ ♣❛r r❛♣♣♦rt ❛✉① ❝❡❧❧✉❧❡s
s❡♥s✐❜❧❡s✳ ❆♣rès ❞✐♠✐♥✉t✐♦♥ ❞✉ ❣❧✉t❛t❤✐♦♥ ✐♥tr❛❝❡❧❧✉❧❛✐r❡✱ ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❧❛ ❝❡❧❧✉❧❡
❛✉ ❝✐s♣❧❛t✐♥❡ ♥✬❡st ♣❛s r❡❝♦✉✈ré❡ ❬✶✱ ✶✸✱ ✼✹✱ ✶✸✻❪✳
✕ ❧❛ rés✐st❛♥❝❡ ❛✉ ❝✐s♣❧❛t✐♥❡ ❡st ❧✐é❡ à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❢❛❝t❡✉rs ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡
❞❡s ❧és✐♦♥s ❞❡ ❧✬❆❉◆ ❡t ❞✉ t❛✉① ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ❛❞❞✉✐ts ❀ ❛❧♦rs q✉❡ ❧❛ ❢❛✐❜❧❡
rés✐st❛♥❝❡ ❛✉ ❝✐s♣❧❛t✐♥❡ s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❧❛ ♣❡rt❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❛❞❞✉✐ts
❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❧✬❆❉◆ ♣❛r ❧❡ s②stè♠❡ ❞❡ ré♣❛r❛t✐♦♥ ❞❡ ♠és❛♣♣❛r✐❡♠❡♥ts ❞❡
❧✬❆❉◆ ❬✷✵✱ ✾✼✱ ✾✽✱ ✶✶✵✱ ✶✸✵✱ ✶✸✶✱ ✶✹✶✱ ✷✶✹❪✳
✶✷ ❈❍❆P■❚❘❊ ✶✳ ▲❊❙ ❈❖▼P▲❊❳❊❙ ❉❊ P▲❆❚■◆❊
❈❤❛♣✐tr❡ ✷
▲✬❆❉◆
❉❡♣✉✐s ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ s♦♥ ♦r❣❛♥✐s❛t✐♦♥ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❬✶✾✾❪✱ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s
❞✐✛ér❡♥ts ❛ss❡♠❜❧❛❣❡s ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❛ été ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬■❯P❆❈✴■❯❇✳ ❱♦✐❝✐ ❞♦♥❝
❧❡s ❝♦♥✈❡♥t✐♦♥s ❡t ❧❛ ♥♦♠❡♥❝❧❛t✉r❡ q✉✐ ♦♥t été ❛❞♦♣té❡s ♣♦✉r ❧❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ♣✉✐s
❜r✐è✈❡♠❡♥t ❧❡s str✉❝t✉r❡s ❝❧❛ss✐q✉❡s ❞❡ ❧✬❆❉◆✳
▲❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ✭❆❉◆ ❡t ❆❘◆✶✮ s♦♥t ❞❡s str✉❝t✉r❡s ♣♦❧②♥✉❝❧é♦t✐❞✐q✉❡s✳ ▲✬✉♥✐té
♥✉❝❧é♦t✐❞✐q✉❡ ❡st ❝♦♠♣♦sé❡ ❞✬✉♥ s✉❝r❡ ❢✉r❛♥♦s❡ ✭❧❡ β✲❉✲✷✬✲❞és♦①②r✐❜♦s❡ ♣♦✉r ❧✬❆❉◆
❡t ❧❡ β✲❉✲r✐❜♦s❡✷ ♣♦✉r ❧✬❆❘◆✮ ♣❤♦s♣❤♦r②❧é ❡♥ ♣♦s✐t✐♦♥ ✺✬ ♦✉ ✸✬ ✭♥✉❝❧é♦t✐❞❡ ❞✉ t②♣❡
✺✬✲♠♦♥♦✲♣❤♦s♣❤❛t❡ ♦✉ ✸✬✲♠♦♥♦✲♣❤♦s♣❤❛t❡✮ ❡t s✉❜st✐t✉é ❡♥ ♣♦s✐t✐♦♥ ✶✬ ♣❛r ✉♥❡ ❜❛s❡
❛③♦té❡✳ ▲❡s ♥✉❝❧é♦t✐❞❡s s♦♥t r❡❧✐és ♣❛r ❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❡♥tr❡ ❧❡s ♣❤♦s♣❤❛t❡s ❡t ❧❡s
s✉❝r❡s s✉❝❝❡ss✐❢s✳ ▲✬❡♥❝❤❛î♥❡♠❡♥t s✉❝r❡✲♣❤♦s♣❤❛t❡ ❝♦♥st✐t✉❡ ❧❡ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡s✲
t❡r ❝❤❛r❣é ♥é❣❛t✐✈❡♠❡♥t✳ P❛r ❝♦♥✈❡♥t✐♦♥✱ ❧❡s ♣♦❧②♥✉❝❧é♦t✐❞❡s s♦♥t tr❛❝és ❡t ❧✉s ❞❛♥s
❧❡ s❡♥s ✺✬−→ ✸✬✳ ▲✬❡♥r♦✉❧❡♠❡♥t ❛✉t♦✉r ❞✬✉♥ ♠ê♠❡ ❛①❡ ❞❡ ❞❡✉① ❝❤❛î♥❡s ♣♦❧②♥✉❝❧é♦t✐✲
❞✐q✉❡s ❛♥t✐♣❛r❛❧❧è❧❡s ❡t ❝♦♠♣❧é♠❡♥t❛✐r❡s ❛✉ ♥✐✈❡❛✉ ❞❡s ❜❛s❡s ❢♦r♠❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❞❡
❧✬❆❉◆ ❬✶✾✾❪✳ ▲❡s ❞❡✉① ❜r✐♥s ❛♥t✐♣❛r❛❧❧è❧❡s ❞✉ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r ♣❡r♠❡tt❡♥t ❞❡
❞é✜♥✐r ❞❡✉① s✐❧❧♦♥s ❞❛♥s ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ✭♣❡t✐t ❡t ❣r❛♥❞✮ q✉✐ ♦♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
❞✐✛ér❡♥t❡s ❞❛♥s ❧❡s ❞✐✈❡rs❡s ❢♦r♠❡s ❞❡ ❧✬❆❉◆ ❬✜❣✉r❡ ✷✳✷❪✳
✷✳✶ ▲❡s ❜❛s❡s
▲❡s ❝✐♥q ❜❛s❡s ❞❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s s♦♥t r❡❣r♦✉♣é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♥❛t✉r❡ ❝❤✐✲
♠✐q✉❡ ✿ ❧❛ ❣✉❛♥✐♥❡ ✭●✮ ❡t ❧✬❛❞é♥✐♥❡ ✭❆✮ s♦♥t ❞❡s ♣✉r✐♥❡s ✭❘✮✱ ❧❛ ❝②t♦s✐♥❡ ✭❈✮✱ ❧❛ t❤②♠✐♥❡
✶▲✬❆❘◆ s❡ ❞✐st✐♥❣✉❡ ❞❡ ❧✬❆❉◆ ♣❛r s❛ ❝♦♠♣♦s✐t✐♦♥ ❡♥ ❜❛s❡s ❡t ♣❛r s♦♥ ❣r♦✉♣❡♠❡♥t ❈✷✬✲❤②❞r♦①②✳ ❙❛
str✉❝t✉r❡ s❡❝♦♥❞❛✐r❡ s❡ ❝♦♠♣♦s❡ ❞❡ ✓ t✐❣❡s ✔ ♦✉ ③♦♥❡s ❛♣♣❛r✐é❡s ❢♦r♠❛♥t ✉♥❡ str✉❝t✉r❡ s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡
❞❡ ❧✬❆❉◆✱ ❡t ❞❡ ✓ ❜♦✉❝❧❡s ✔ ♦✉ ③♦♥❡s ♥♦♥ ❛♣♣❛r✐é❡s ❡♥tr❡ ❞❡✉① ✓ t✐❣❡s ✔✳ ❉❛♥s ❧❛ str✉❝t✉r❡ t❡rt✐❛✐r❡✱
♦♥ ♦❜s❡r✈❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s q✉✐ ✐♠♣❧✐q✉❡♥t ❞❡s ♥✉❝❧é♦t✐❞❡s ❞✐st❛♥ts ❞❛♥s ❧❛ séq✉❡♥❝❡ ❡t q✉✐ rés✉❧t❡♥t ❡♥
❞❡s ❝♦♥❢♦r♠❛t✐♦♥s très ✈❛r✐é❡s ❡t s♦✉✈❡♥t très ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ❞❡ ❧✬❆❉◆✳ ▲❡s ❆❘◆ ♣❡✉✈❡♥t ❛✈♦✐r
✉♥❡ ❛❝t✐✈✐té ❡♥③②♠❛t✐q✉❡ ✭r✐❜♦③②♠❡s✮✳ ▲❡s r✐❜♦③②♠❡s s♦♥t ✐♠♣❧✐q✉és ❞❛♥s ❧❡ ♠ét❛❜♦❧✐s♠❡✱ ♥♦t❛♠♠❡♥t
❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ tr❛♥s❝r✐♣t✐♦♥ ❬✽✱ ✷✼✱ ✶✺✸❪✳
✷▲❡ t❡r♠❡ r✐❜♦s❡ ✈✐❡♥t ❞❡ ❘♦❝❦❢❡❧❧❡r ■♥st✐t✉t ❢♦r ❇✐♦❝❤❡♠✐str② ✭r✐❜✮ ❡t ❞❡ ♦s❡ ✭s✉❝r❡✮
✶✸
✶✹ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
✭❚✮ ❡t ❧✬✉r❛❝✐❧❡ ✭❯✮ s♦♥t ❞❡s ♣②r✐♠✐❞✐♥❡s ✭❨✮✳ ❉❛♥s ❧✬❆❘◆✱ ❧✬✉r❛❝✐❧❡✱ q✉✐ r❡♠♣❧❛❝❡ ❧❛
t❤②♠✐♥❡✱ ❞✐✛èr❡ ❞❡ ❝❡❧❧❡✲❝✐ ♣❛r ❧✬❛❜s❡♥❝❡ ❞❡ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡ ❡♥ ❈✺ ✭✜❣✉r❡ ✷✳✶✮✳
Adénine
Guanine
Thymine
Uracile
Cytosine
Purines (R) Pyrimidines (Y)
❋✐❣✳ ✷✳✶ ✕ ▲❡s ❜❛s❡s ♥✉❝❧é♦t✐❞✐q✉❡s✳
❜❧❡✉ ✿ ❛③♦t❡✱ ❣r✐s ✿ ❝❛r❜♦♥❡✱ ❜❧❛♥❝ ✿ ❤②❞r♦❣è♥❡✱ r♦✉❣❡ ✿ ♦①②❣è♥❡✳
▲❛ ❢♦r♠❡ ❝❛♥♦♥✐q✉❡ ❞❡ ❧✬❆❉◆ ❡st ❣é♥éré❡ ♣❛r ❧✬❛♣♣❛r✐❡♠❡♥t s♣é❝✐✜q✉❡ ❡♥tr❡ ❧❡s
❜❛s❡s ❞❡ ❝❤❛q✉❡ ❜r✐♥ ❢♦r♠❛♥t ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡✳ ▲❡s ❜❛s❡s s♦♥t ♣❧❛♥❡s ❞❡ s♦rt❡ q✉✬❡❧❧❡s
s♦♥t ❡♠♣✐❧é❡s ❧❡s ✉♥❡s s✉r ❧❡s ❛✉tr❡s ❧❡ ❧♦♥❣ ❞✉ ❜r✐♥ ✭st❛❝❦✐♥❣✮✳ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡
❧❡s s②stè♠❡s ❝♦♥❥✉❣✉és ❞❡s ❝②❝❧❡s ❛r♦♠❛t✐q✉❡s ❞❡s ❜❛s❡s ❞✬✉♥ ♠ê♠❡ ❜r✐♥ ❡t ❞❡s ❜r✐♥s
❝♦♠♣❧é♠❡♥t❛✐r❡s ❝♦♥tr✐❜✉❡♥t ❢♦rt❡♠❡♥t à st❛❜✐❧✐s❡r ❧❛ str✉❝t✉r❡ ❤é❧✐❝♦ï❞❛❧❡✳ ▲✬é♥❡r❣✐❡
❞✬❡♠♣✐❧❡♠❡♥t ♣r♦✈✐❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ t②♣❡ ❱❛♥ ❉❡r ❲❛❧❧s✳ ❉❛♥s ❧❛
❞♦✉❜❧❡ ❤é❧✐❝❡✱ ❧✬❡♥t❤❛❧♣✐❡ ❞❡ st❛❝❦✐♥❣ ❡♥tr❡ ❞❡✉① ♣❛✐r❡s ❛❞❥❛❝❡♥t❡s ❡st ❡st✐♠é❡ ❡♥tr❡ ✲✺
❡t ✲✶✷ ❑❝❛❧✴♠♦❧ ❬✶✷✻❪✳
▲✬❛♣♣❛r✐❡♠❡♥t ❧❡ ♣❧✉s ❢réq✉❡♠♠❡♥t r❡♥❝♦♥tré ❡st ❝❡❧✉✐ ❞✉ t②♣❡ ❲❛ts♦♥✲❈r✐❝❦ ❬✶✾✾❪
♦ù ✉♥❡ ♣✉r✐♥❡ ❡st ❛ss♦❝✐é❡ à ✉♥❡ ♣②r✐♠✐❞✐♥❡ ✭❈·●✱ ❆·❯✱ ♦✉ ❆·❚✮ ✭✜❣✉r❡ ✷✳✷✮✳ ▲❡s ♥♦♠✲
❜r❡✉① ❣r♦✉♣❡s ❞♦♥♥❡✉rs ❡t ❛❝❝❡♣t❡✉rs ❞❡ ❧✐❛✐s♦♥s ❤②❞r♦❣è♥❡ ❞❡s q✉❛tr❡ ❜❛s❡s s❡ ♣rêt❡♥t
à ❞✬❛✉tr❡s ❛ss❡♠❜❧❛❣❡s q✉✐✱ ❝♦♠♠❡ ❧❡s ♣❛✐r❡s ❲❛ts♦♥✲❈r✐❝❦✱ s♦♥t ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t
❝♦♣❧❛♥❛✐r❡s ✭✜❣✉r❡ ✷✳✸✮✳ ❈❡rt❛✐♥s ❛ss♦❝✐❡♥t ❆ ❛✈❡❝ ❚✱ ♦✉ ● ❛✈❡❝ ❈✱ ❝♦♠♠❡ ❧❡s ♣❛✐r❡s
✷✳✶✳ ▲❊❙ ❇❆❙❊❙ ✶✺
❍♦♦❣st❡❡♥ ❬✾✶❪✱ ♠❛✐s ♦♥ tr♦✉✈❡ ❛✉ss✐ ❞❡s ♣❛✐r❡s ●·❚ ✭✇♦❜❜❧❡✮✱ ●·❆✱ ●·●✱ ❈+·❈✸✱ ❚·❚✱
❆·❆✱ ❛✐♥s✐ q✉❡ ❞❡s tr✐♣❧❡ts ❡t ❞❡s q✉❛❞r✉♣❧❡ts ❞❡ ❜❛s❡s✳
Petit Sillon
Grand Sillon
A
T
Petit Sillon
Grand Sillon
G
C
sucre sucre sucre sucre
❋✐❣✳ ✷✳✷ ✕ ❆♣♣❛r✐❡♠❡♥ts ❲❛ts♦♥✲❈r✐❝❦ ❡t ❞é✜♥✐t✐♦♥ ❞❡s s✐❧❧♦♥s
❋✐❣✳ ✷✳✸ ✕ ❆♣♣❛r✐❡♠❡♥t s❡❧♦♥ ❍♦♦❣st❡❡♥ ❡♥tr❡ ❧✬❛❞é♥✐♥❡ ❡t ❧❛ t❤②♠✐♥❡✱ ❞❛♥s ❧❛ str✉❝t✉r❡
❝r✐st❛❧❧✐♥❡ ❢♦r♠é❡ ♣❛r ❧❛ ♣❛✐r❡ ✾✲♠ét❤②❧❛❞é♥✐♥❡✴✶✲♠ét❤②❧t❤②♠✐♥❡ ❬✶✾✹❪✳
▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❜❛s❡s ❞✬✉♥❡ ♣❛✐r❡ ❡st ❛ss✉ré❡ ♣❛r ❞❡s ❧✐❛✐s♦♥s ❤②❞r♦❣è♥❡
❝♦♥st✐t✉é❡s ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞✬✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s✳ ■❧ ② ❛ ❞❡✉① ❧✐❛✐s♦♥s ♣♦✉r
❧❡s ♣❛✐r❡s ❲❛ts♦♥✲❈r✐❝❦ ❆·❯ ❡t ❆·❚ ❡t tr♦✐s ♣♦✉r ❧❛ ♣❛✐r❡ ●·❈✳ ❆✐♥s✐ ❧✬❛♣♣❛r✐❡♠❡♥t
❡♥tr❡ ✉♥❡ ❣✉❛♥✐♥❡ ❡t ✉♥❡ ❝②t♦s✐♥❡ ❡st ♣❧✉s ❢❛✈♦r❛❜❧❡ q✉❡ ❝❡❧✉✐ ❡♥tr❡ ✉♥❡ t❤②♠✐♥❡ ❡t
✉♥❡ ❛❞é♥✐♥❡✳ ■❧ ❢❛✉t é❣❛❧❡♠❡♥t ♥♦t❡r q✉❡ ❞❛♥s ❧❡s s♦❧✈❛♥ts ♣♦❧❛✐r❡s✱ ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉
r❡♥tr❡♥t ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧❡s ❜❛s❡s ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s ❤②❞r♦❣è♥❡ ❛✈❡❝
❧❡s ❜❛s❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ré❞✉✐s❛♥t ❛✐♥s✐ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞✬❛♣♣❛r✐❡♠❡♥t ❡♥tr❡ ❧❡s ♣❛✐r❡s
✸ ❈+ ✿ ❝②t♦s✐♥❡ ♣r♦t♦♥é❡ s✉r ❧❛ ♣♦s✐t✐♦♥ ✐♠✐♥♦ ✭◆✸✮✳
✶✻ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
❞❡ ❜❛s❡s✳ ▲❡s ❡①♣ér✐❡♥❝❡s t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡✛❡❝t✉é❡s ❞❛♥s ❧❡ ❝❤❧♦r♦❢♦r♠❡ ❡t ❞❛♥s ❧❡
❞✐♠ét❤②❧✲s✉❧❢♦①✐❞❡ ❡st✐♠❡♥t ❛✉① ❛❧❡♥t♦✉rs ❞❡ ✲✷ à ✲✺ ❑❝❛❧✴♠♦❧ ❧✬❡♥t❤❛❧♣✐❡ ❞✬❛♣♣❛r✐❡♠❡♥t
❡♥tr❡ ❞❡✉① ❜❛s❡s ❬✶✵✾✱ ✶✸✽❪ ❡t ❞❡ ré❝❡♥ts ❝❛❧❝✉❧ ❞✬é♥❡r❣✐❡ ❧✐❜r❡ ❡st✐♠❡♥t ❧✬é♥❡r❣✐❡ ❧✐❜r❡
❞✬❛♣♣❛r✐❡♠❡♥t ❞❡s ♣❛✐r❡s ❆· ❚ ✈❡rs ✲✹✳✸ ❑❝❛❧✴♠♦❧ ❡t ✈❡rs ✲✺✳✽ ❑❝❛❧✴♠♦❧ ♣♦✉r ❧❡s ♣❛✐r❡s
●·❈ ❬✻✱ ✶✼✾❪✳ ❈❡s ❝❛❧❝✉❧s ♠♦♥tr❡♥t q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s s♦♥t ❝❡rt❛✐♥❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡s
q✉❡ ❝❡❧❧❡s ❞✉ st❛❝❦✐♥❣✳ ❆✐♥s✐ ❧❛ s♣é❝✐✜❝✐té ❞❡ ❧✬❛♣♣❛r✐❡♠❡♥t ❡st ❛ss✉ré❡ ♣❛r ❧❡s ❧✐❛✐s♦♥s
❡♥tr❡ ❧❡s ❜❛s❡s ❢♦r♠❛♥t ✉♥❡ ♣❛✐r❡ ❡t ❧✬❡♠♣✐❧❡♠❡♥t ❞❡ ❝❡s ♣❛✐r❡s ❡st ❧✬♦r✐❣✐♥❡ ♣r✐♥❝✐♣❛❧❡ ❞❡
❧❛ st❛❜✐❧✐té ❞❡ ❧✬❤é❧✐❝❡✳ ▲❛ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s ♣❤♦s♣❤❛t❡s ❛♥✐♦♥✐q✉❡s t❡♥❞ à ❞ést❛❜✐❧✐s❡r
❧❛ str✉❝t✉r❡ ❡t ❧❛ ♣rés❡♥❝❡ ❞❡s ❝♦♥tr❡✲✐♦♥s ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r é✈✐t❡r ❧❛ ❞é♥❛t✉r❛t✐♦♥✳
✷✳✷ ▲❡ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r
▲❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r ♥é❝❡ss✐t❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ s✐① ❛♥❣❧❡s ❞❡
t♦rs✐♦♥ ♣♦✉r ❝❤❛q✉❡ ♥✉❝❧é♦t✐❞❡✳ ❈❡s t♦rs✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❧✐❛✐s♦♥s s✐♠♣❧❡s q✉✐ s❡
s✉❝❝è❞❡♥t ❧❡ ❧♦♥❣ ❞✉ sq✉❡❧❡tt❡ ❞❛♥s ❧❡ s❡♥s ✺✬→✸✬✳ ❊❧❧❡s s♦♥t ♥♦té❡s ♣❛r ❧❡s ❧❡ttr❡s α✱
β✱ γ✱ δ✱ ε✱ ζ ❛✈❡❝ α✭P✲❖✺✬✮ ❡t ζ✭❖✸✬✲P✮ ✭✜❣✉r❡ ✷✳✹✮✳
α
β
γ
δ
ε
χ
ζ
g-
g-
g+
g+
+g /t
g+
-g /t
g-
+g /t
O1’-C1’-N1-C2  (Y)
O1’-C1’-N9-C4  (R)
δ
β
α
γ
ε
ζ
χ
O3’ - P-O5’-C5’
O5’-C5’-C4’-C3’
P-O5’-C5’-C4’
C5’-C4’-C3’-O3’
C4’-C3’-O3’-P
C3’-O3’-P-O5’
(n-1)
(n+1)
t
t
t
U
ni
té
 N
uc
lé
ot
id
iq
ue
D
ire
ct
io
n 
du
 b
rin base
❋✐❣✳ ✷✳✹ ✕ ▲❡ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r ❡t ❧❡s ❛♥❣❧❡s ❧❡ ❞é✜♥✐ss❛♥t✳
●râ❝❡ ❛✉① ♥♦♠❜r❡✉① ❞❡❣rés ❞❡ ❧✐❜❡rté ❛✉t♦✉r ❞❡s ❧✐❛✐s♦♥s s✐♠♣❧❡s✱ ❧❡ sq✉❡❧❡tt❡ ♣❤♦s✲
♣❤♦❞✐❡st❡r ❡st ❛ss❡③ ✢❡①✐❜❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t stér✐q✉❡ ❞é✜♥✐t ❛✉t♦✉r ❞❡
❝❤❛q✉❡ ❧✐❛✐s♦♥ ❞❡s r♦t❛t✐♦♥s ❛✉t♦r✐sé❡s ❡t ❡♥tr❛î♥❡ ❞❡s ❝♦♥❢♦r♠❛t✐♦♥s ♣r✐✈✐❧é❣✐é❡s ♣♦✉r
❝❤❛❝✉♥ ❞❡s ❛♥❣❧❡s ❞❡ t♦rs✐♦♥✳ ❈❡s ❝♦♥❢♦r♠❛t✐♦♥s s♦♥t ❛♣♣❡❧é❡s ✓ ❣❛✉❝❤❡ ♠♦✐♥s ✔ ✭g−✮✱
✓ tr❛♥s ✔ ✭t✮✱ ❡t ✓ ❣❛✉❝❤❡ ♣❧✉s ✔ ✭g+✮ ❡t ❧❡✉rs ✈❛❧❡✉rs s♦♥t ♣r♦❝❤❡s ❞❡ ✲✻✵✝✱ ✶✽✵✝
✷✳✸✳ ▲❊ ❙❯❈❘❊ ❋❯❘❆◆❖❙❊ ✶✼
❡t ✰✻✵✝ r❡s♣❡❝t✐✈❡♠❡♥t✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡s ❛♥❣❧❡s ❞❡ t♦rs✐♦♥ s✬❡✛❡❝t✉❡♥t s♦✉✈❡♥t ❞❡
♠❛♥✐èr❡ ❝♦rré❧é❡✳ ❆✐♥s✐ ❞❛♥s ❧✬❆❉◆ ❇✱ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❣r♦✉♣❡♠❡♥t ♣❤♦s♣❤❛t❡ ♣❡✉t êtr❡
❛♠❡♥é❡ ♣❧✉s ♣rès ❞✉ ♣❡t✐t s✐❧❧♦♥ ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❡♥ ❝❤❛♥❣❡❛♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡s
❛♥❣❧❡s ε ❡t ζ ❞❡ tg− à g−t ✭tr❛♥s✐t✐♦♥ ❇■✴❇■■✮ ❬✼✻✱ ✶✺✹❪✳ ❉❡ ♠ê♠❡✱ ❞❛♥s ❧✬❆❉◆ ❆✱ α
❡t γ ✈❛r✐❡♥t s♦✉✈❡♥t ❡♥s❡♠❜❧❡ ❡t ♣❛ss❡♥t ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ g−g−à ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ tt
❬✽✵✱ ✶✺✹❪✳ ❈❡tt❡ tr❛♥s✐t✐♦♥ ❝♦✉♣❧é❡ s✬❛❝❝♦♠♣❛❣♥❡ ❣é♥ér❛❧❡♠❡♥t ❞✬✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡
❧✬❛♥❣❧❡ β✱ q✉✐ ♣❛ss❡ ❞❡ t à g+✳
▲✬❛♥❣❧❡ δ ❛♣♣❛rt✐❡♥t ❛✉ ❝②❝❧❡ ❞✉ s✉❝r❡ ❡t ♣r❡♥❞ ❞❡ ❝❡ ❢❛✐t ❞❡s ✈❛❧❡✉rs ✈❛r✐❛♥t ❞❛♥s
✉♥❡ é❝❤❡❧❧❡ ♣❧✉s r❡str❡✐♥t❡ q✉❡ ❧❡s ❛✉tr❡s ❛♥❣❧❡s ❞❡ t♦rs✐♦♥s✱ s♦✐t ❡♥tr❡ ✼✵✝ ❡t ✶✼✵✝✳
◆♦t♦♥s ♣♦✉r ✜♥✐r q✉❡ ❧❡s ❜❛rr✐èr❡s ❞❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦✉s ❝❡s ❛♥❣❧❡s ❞❡ t♦rs✐♦♥ ♣❡✉✈❡♥t
✈❛r✐❡r ❞❡ ✵✱✺ ❛ ✺ ❑❝❛❧✴♠♦❧ ❡♥✈✐r♦♥ s❡❧♦♥ ❧❡✉rs s✉❜st✐t✉❛♥ts ❬✶✶✺❪✳
✷✳✸ ▲❡ s✉❝r❡ ❢✉r❛♥♦s❡
▲❡s s✉❝r❡s ❢✉r❛♥♦s❡s ❞❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s s♦♥t ❞❡s ♣❡♥t♦s❡s ❞♦♥t ❧❡ ❝②❝❧❡ ♥✬❡st ♣❛s
♣❧❛♥ ♠❛✐s ♣❧✐ssé✳ ▲❡ ♣❧✐ss❡♠❡♥t ❡st ❞✐t ✓ ❡♥✈❡❧♦♣♣❡ ✔ ✭❊✮ ❧♦rsq✉✬✉♥ s❡✉❧ ❞❡s ❛t♦♠❡s
❞✉ ❝②❝❧❡ s♦rt ❞✉ ♣❧❛♥ ❢♦r♠é ♣❛r ❧❡s q✉❛tr❡ ❛✉tr❡s✳ ❙✐ ❞❡✉① ❛t♦♠❡s s♦rt❡♥t ❞✉ ♣❧❛♥ ❢♦r♠é
♣❛r ❧❡s tr♦✐s ❛✉tr❡s✱ ❧❡ ♣❧✐ss❡♠❡♥t ❡st ✓ t✇✐st ✔ ✭❚✮ ✭✜❣✉r❡ ✷✳✺✮✳ ■❧ ② ❛ ❞♦♥❝ ✈✐♥❣t
❝♦♥❢♦r♠❛t✐♦♥s ❞♦♥t ❧❡ ♣❧✐ss❡♠❡♥t ❡st ♠❛①✐♠❛❧ ✿ ❝✐♥q ❝♦♥❢♦r♠❛t✐♦♥s ❊ ✓ ✈❡rs ❧❡ ❜❛s ✔
♥♦té❡s i❊ ✭♦ù ✐ ❞és✐❣♥❡ ❧✬❛t♦♠❡ ❞é♣❧❛❝é ❞✉ ❝ôté ♦♣♣♦sé à ❧✬❛t♦♠❡ ❈✺✬ ♣❛r r❛♣♣♦rt ❛✉
♣❧❛♥ ❝②❝❧✐q✉❡✮✱ ❝✐♥q ❝♦♥❢♦r♠❛t✐♦♥s ❊ ✓ ✈❡rs ❧❡ ❤❛✉t ✔ ✭♦ù ✐ ❞és✐❣♥❡ ❧✬❛t♦♠❡ ❞é♣❧❛❝é
❞✉ ❝ôté ❞❡ ❧✬❛t♦♠❡ ❈✺✬ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ❝②❝❧✐q✉❡✮ ♥♦té❡s i❊✱ ❧❡s ❝✐♥q i❚ ❡t ❧❡s ❝✐♥q
i❚ ❬✷✵✷❪✳
ν3
ν0
ν1
ν2
ν4
brin 3’
brin 5’
base
ν2
ν1
ν0
ν3
ν4
C4’-O1’-C1’-C2’
O1’-C1’-C2’-C3’
C1’-C2’-C3’-C4’
C2’-C3’-C4’-O1’
C3’-C4’-O1’-C1’
❋✐❣✳ ✷✳✺ ✕ ▲❡ s✉❝r❡ ❢✉r❛♥♦s❡ ❡t ❧❡s ❛♥❣❧❡s q✉✐ ❧❡ ❞é❝r✐✈❡♥t✳
✶✽ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
❉❛♥s ✉♥ ❝②❝❧❡ à ❝✐♥q ❛t♦♠❡s ❞♦♥t ❧❡s ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥ s♦♥t ✜①❡s✱ ❝✐♥q ❛♥❣❧❡s ❞❡
t♦rs✐♦♥s ❞é❝r✐✈❡♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ✭✜❣✉r❡ ✷✳✺✮✳ ■❧ ② ❛ q✉❛tr❡ ❞❡❣rés ❞❡ ❧✐❜❡rté ❝♦♥❢♦r♠❛✲
t✐♦♥❡❧❧❡ ✿ ❝✐♥q ❛t♦♠❡s s♦✐t q✉✐♥③❡ ❝♦♦r❞♦♥♥é❡s ❝❛rtés✐❡♥♥❡s✱ ❛✉①q✉❡❧s ✐❧ ❢❛✉t r❡tr❛♥❝❤❡r
s✐① ❞❡❣rés ❞❡ ❧✐❜❡rté ♣♦✉r ❧❡s tr❛♥s❧❛t✐♦♥s ❡t ❧❡s r♦t❛t✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣♦s✐t✐♦♥♥❡✲
♠❡♥t ❞❛♥s ❧✬❡s♣❛❝❡✱ ❡t ❝✐♥q ❞❡❣rés ❞❡ ❧✐❜❡rté ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥s
✜①❡s✳
▲❡ ❝♦♥❝❡♣t ❝♦♥✈❡♥t✐♦♥♥❡❧ ❞❡ ♣s❡✉❞♦✲r♦t❛t✐♦♥ ❬✸❪ ❞é❝r✐t ❧❡ s✉❝r❡ ❝♦♠♠❡ ✉♥❡ ✈❛❣✉❡
st❛t✐♦♥♥❛✐r❡ à ❧✬❛✐❞❡ ❞❡ ❞❡✉① ❞❡ ❝❡s ✈❛r✐❛❜❧❡s s❡✉❧❡♠❡♥t ✿ ❧✬❛♠♣❧✐t✉❞❡ q✉✐ ✐♥❞✐q✉❡ ❧❡
❞❡❣ré ❞❡ ♥♦♥✲♣❧❛♥❛r✐té ❡t ❧❛ ♣❤❛s❡ q✉✐ ✐♥❞✐q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❡t ❧❡ s✐❣♥❡ ❞✉ ♣❧✐ss❡♠❡♥t✳
▲❡s ❞❡✉① ❛✉tr❡s ✈❛r✐❛❜❧❡s q✉✐ ❞♦✐✈❡♥t ❝♦♠♣❧ét❡r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ❝②❝❧❡ ❝♦rr❡s♣♦♥❞❡♥t
à ❞❡s ré❛❥✉st❡♠❡♥ts ♠✐♥❡✉rs ❞❡s ❛♥❣❧❡s ❞❡ ✈❛❧❡♥❝❡ ❡♥❞♦✲❝②❝❧✐q✉❡s ❬✶✷✽✱ ✶✷✼❪✳ ▲❛ ♣❤❛s❡
P ❡t ❧✬❛♠♣❧✐t✉❞❡ m ❞✬✉♥ s✉❝r❡ s♦♥t ❞é✜♥✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛♥❣❧❡s ❞❡ t♦rs✐♦♥ ν ♣❛r ❧❡s
r❡❧❛t✐♦♥s s✉✐✈❛♥t❡s ✿
P = tan−1(B/A) ❡t m = (A2 +B2)
❛✈❡❝
A = 2
5
∑
j=0,4 νj cos(
4pij
5
)
B = −2
5
∑
j=0,4 νj sin(
4pij
5
)
▲❡ ❝❡r❝❧❡ ❞❡ ♣s❡✉❞♦✲r♦t❛t✐♦♥ ✭✜❣✉r❡ ✷✳✻✮ r❡♣rés❡♥t❡ ❧❡s ✈✐♥❣t ❝♦♥❢♦r♠❛t✐♦♥s ♣♦ss✐❜❧❡s
q✉❡ ♣❡✉t ❛❞♦♣t❡r ✉♥ ♣❡♥t♦s❡✳ ❚♦✉t❡s ❧❡s ❝♦♥❢♦r♠❛t✐♦♥s ♥❡ s♦♥t ♣❛s ❛✉t♦r✐sé❡s ❞❛♥s
❧❡ ♥✉❝❧é♦t✐❞❡ ❝❛r ❧❡ s✉❝r❡ ❡st ❛s②♠étr✐q✉❡♠❡♥t s✉❜st✐t✉é✳ ▲❡s ❝♦♥❢♦r♠❛t✐♦♥s ❧❡s ♣❧✉s
st❛❜❧❡s s♦♥t ❧❡s ❢♦r♠❡s ❈✸✬✲❡♥❞♦ ✭ s✉❝r❡ ✓ ♥♦r❞ ✔✱ ◆✮ ❡t ❈✷✬✲❡♥❞♦ ✭s✉❝r❡ ✓ s✉❞ ✔✱ ❙✮
✭✜❣✉r❡ ✷✳✼✮✳ ▲❛ ❘▼◆ ❬✷✽❪ ❡t ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❬✷✶✺❪ ✐♥❞✐q✉❡♥t é❣❛❧❡♠❡♥t q✉❡ ❧❛ ré❣✐♦♥
❝❡♥tré❡ ❛✉t♦✉r ❞❡ ❖✶✬✲❡♥❞♦ ❝♦♥st✐t✉❡ ✉♥ tr♦✐s✐è♠❡ ❞♦♠❛✐♥❡ st❛❜❧❡ ✭s✉❝r❡ ✓ ❡st ✔✱ ❊✮✳
▲❡ ♣r♦✜❧ é♥❡r❣ét✐q✉❡ ❞✬✉♥ ♥✉❝❧é♦t✐❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ ❞❡ s♦♥ s✉❝r❡ ♠♦♥tr❡ ❧❡s
ré❣✐♦♥s st❛❜❧❡s ❈✷✬✲❡♥❞♦ ❡t ❈✸✬✲❡♥❞♦ ❡t ✐♥❞✐q✉❡ é❣❛❧❡♠❡♥t q✉❡ ❧❛ tr❛♥s✐t✐♦♥ ❞❡ ❧✬✉♥❡ ✈❡rs
❧✬❛✉tr❡ s❡ ❢❡r❛ ♣❛r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❖✶✬✲❡♥❞♦ ❡t ♥♦♥ ❖✶✬✲❡①♦✱ ❞✉ ❢❛✐t ❞❡ ❧✬❡♥❝♦♠❜r❡♠❡♥t
stér✐q✉❡ ❣é♥éré ♣❛r ❧❛ ❜❛s❡ ❡♥ ❈✶✬✳
❯♥ ❞❡r♥✐❡r ❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ❝♦♠♣❧èt❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r ✿
❧✬❛♥❣❧❡ ❣❧②❝♦s✐❞✐q✉❡ χ ✭❖✶✬✲❈✶✬✲◆✶✲❈✷ ♣♦✉r ❧❡s ♣②r✐♠✐❞✐♥❡s ❡t ❖✶✬✲❈✶✬✲◆✾✲❈✹ ♣♦✉r ❧❡s
♣✉r✐♥❡s✮ q✉✐ r❡❧✐❡ ❧❛ ❜❛s❡ ❛③♦té❡ ❛✉ s✉❝r❡✳ ■❧ ♣❡✉t ❛❞♦♣t❡r ❞❡✉① ❝♦♥❢♦r♠❛t✐♦♥s ♥♦té❡s
syn ❡t anti✳ ❉❛♥s ❧❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ❤é❧✐❝♦ï❞❛✉①✱ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ anti ❡st ❞♦♠✐♥❛♥t❡
❝❛r ❡❧❧❡ ♠✐♥✐♠✐s❡ ❧✬❡♥❝♦♠❜r❡♠❡♥t stér✐q✉❡ ❡♥tr❡ ❧❡s ❛t♦♠❡s ❞❡ ❧❛ ❜❛s❡ ❡t ❝❡✉① ❞✉ s✉❝r❡✳
▲❛ ❝♦♥❢♦r♠❛t✐♦♥ syn ❡st ♦❜s❡r✈é❡ ❞❛♥s ❞❡s str✉❝t✉r❡s ♣❛rt✐❝✉❧✐èr❡s ❝♦♠♠❡ ❧✬❆❉◆ ❩✱
❣é♥ér❛❧❡♠❡♥t ♣♦✉r ❞❡s ♣✉r✐♥❡s ♦ù ❧❡s ❣ê♥❡s stér✐q✉❡s s♦♥t ♠♦✐♥s ✐♠♣♦rt❛♥t❡s ✭✜❣✉r❡
✷✳✽✮✳
✷✳✹✳ ▲❊❙ P❆❘❆▼➮❚❘❊❙ ❍➱▲■❈❖Ï❉❆❯❳ ✶✾
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❋✐❣✳ ✷✳✻ ✕ ❈❡r❝❧❡ ❞❡ ♣s❡✉❞♦✲r♦t❛t✐♦♥✳ ▲❡s s✐❣♥❡s ❞❡s ❝✐♥q ❛♥❣❧❡s ❞✐è❞r❡s ❡♥❞♦✲❝②❝❧✐q✉❡s s♦♥t
✐♥❞✐q✉és à ❧✬✐♥tér✐❡✉r ❞✉ ❝②❝❧❡ ❢✉r❛♥♦s❡ ❬✸❪
OO
C3’
C2’
C5’
C4’ C1’
N
C3’
C2’
C5’
C4’ C1’
N
❋✐❣✳ ✷✳✼ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡s ♣❧✐ss❡♠❡♥ts ❈✷✬✲❡♥❞♦ ✭❣❛✉❝❤❡✮ ❡t ❈✸✬✲❡♥❞♦ ✭❞r♦✐t❡✮
✷✳✹ ▲❡s ♣❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉①
▲❡ ♣❧✐ss❡♠❡♥t ❞❡s s✉❝r❡s ❡t ❧❡s ❛♥❣❧❡s ❞❡ t♦rs✐♦♥ ❞✉ ❜r✐♥ ♣❤♦s♣❤♦❞✐❡st❡r ♣❡r♠❡tt❡♥t
❞❡ ❝❛r❛❝tér✐s❡r ❝♦♠♣❧èt❡♠❡♥t ❧❛ str✉❝t✉r❡ ✐♥t❡r♥❡ ❞❡ ❝❤❛q✉❡ ❜r✐♥ ❞✬✉♥ ❛❝✐❞❡ ♥✉❝❧é✐q✉❡✳
❚♦✉t❡❢♦✐s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣❛r❛♠ètr❡s q✉✐ ❞é❝r✐✈❡♥t ❧❡✉r ❝♦♥❢♦r♠❛t✐♦♥ ❤é❧✐❝♦ï❞❛❧❡ ❞♦♥♥❡
✉♥❡ ♠❡✐❧❧❡✉r❡ ✐♠❛❣❡ ❞❡ ❧❡✉r str✉❝t✉r❡ ❣❧♦❜❛❧❡✳ ❉❡ t❡❧s ♣❛r❛♠ètr❡s ♦♥t été ✉t✐❧✐sés ❞ès
✷✵ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
❋✐❣✳ ✷✳✽ ✕ ❈♦♥✜❣✉r❛t✐♦♥ s②♥ ❡t ❛♥t✐ ❞❡ ❧✬❛♥❣❧❡ ❣❧②❝♦s✐❞✐q✉❡ χ✳ ▲❡ s✉❝r❡ ❡t ❧❛ ❜❛s❡ s♦♥t
s❝❤é♠❛t✐sés ❡♥ ❜❧❡✉ ❡t ❡♥ ✈❡rt✱ r❡s♣❡❝t✐✈❡♠❡♥t✳
q✉❡ ❧❡s ♣r❡♠✐èr❡s ❞♦♥♥é❡s s✉r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❧✬❆❉◆ à ♣❛rt✐r ❞❡s ❡①♣ér✐❡♥❝❡s s✉r ❧❡s
✜❜r❡s ❞✬❆❉◆ ❢✉r❡♥t ❛❝❝❡ss✐❜❧❡s✳ ▲❡ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s ❛✉❣♠❡♥t❛ ❛✈❡❝ ❧❛ ❞é❝♦✉✈❡rt❡
❞❡ ❧❛ ♠✉❧t✐t✉❞❡ ❞✬✐rré❣✉❧❛r✐tés str✉❝t✉r❛❧❡s ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡✱ q✉❡ ❧✬♦♥ ❛ ♣✉ ♦❜s❡r✈❡r
❞ès ❧✬♦❜t❡♥t✐♦♥ ❞❡s ♠♦♥♦✲❝r✐st❛✉① ❞✬❆❉◆✳ ▲♦rs ❞❡ ❧❛ ❝♦♥✈❡♥t✐♦♥ ❞❡ ❈❛♠❜r✐❞❣❡ ❡♥ ✶✾✽✽
❬❉✐❝❦❡rs♦♥ ❡t ❛❧✳✱ ✶✾✽✾❪✱ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉① st❛♥❞❛r❞s ♣❡r♠❡tt❛♥t
❞❡ ❞é❝r✐r❡ ❝♦♠♣❧èt❡♠❡♥t ❧❛ str✉❝t✉r❡ ❞❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ❛ été ❞é✜♥✐✳
❈❡s ♣❛r❛♠ètr❡s s♦♥t ré♣❛rt✐s ❡♥ tr♦✐s ❣r♦✉♣❡s ✿
✶✳ ▲❡s q✉❛tr❡ ♣❛r❛♠ètr❡s ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞✬✉♥❡ ❜❛s❡ ♣❛r r❛♣♣♦rt à ❧✬❛①❡ ❤é❧✐❝♦ï❞❛❧
✭❞❡✉① r♦t❛t✐♦♥s ❡t ❞❡✉① tr❛♥s❧❛t✐♦♥s✮ ✭✜❣✉r❡ ✷✳✾✮✳
✷✳ ❙✐① ♣❛r❛♠ètr❡s ✐♥tr❛✲♣❛✐r❡ ❞❡ ❜❛s❡s ♣♦✉r ♣♦s✐t✐♦♥♥❡r ❧❡s ❞❡✉① ❜❛s❡s ❞❡ ❧❛ ♣❛✐r❡
❧✬✉♥❡ ♣❛r r❛♣♣♦rt à ❧✬❛✉tr❡ ✭ tr♦✐s tr❛♥s❧❛t✐♦♥s ❡t tr♦✐s r♦t❛t✐♦♥s✮ ✭✜❣✉r❡ ✷✳✶✵✮✳
✸✳ ❙✐① ♣❛r❛♠ètr❡s ✐♥t❡r✲♣❛✐r❡s ❞❡ ❜❛s❡s ♣♦✉r ♦r✐❡♥t❡r ❡t ♣♦s✐t✐♦♥♥❡r ❞❡✉① ♣❛✐r❡s ❞❡
❜❛s❡s s✉❝❝❡ss✐✈❡s ✭tr♦✐s tr❛♥s❧❛t✐♦♥s ❡t tr♦✐s r♦t❛t✐♦♥s✮ ✭✜❣✉r❡ ✷✳✶✶✮✳
▲❡ s❡♥s ♣♦s✐t✐❢ ❞❡s ❛♥❣❧❡s ❞❡ r♦t❛t✐♦♥ ❡st ❞♦♥♥é ♣❛r ❧❛ ✓ rè❣❧❡ ❞❡ ❧❛ ♠❛✐♥ ❞r♦✐t❡ ✔
❛✉t♦✉r ❞❡s ❛①❡s ❛ss♦❝✐és✳ ❈❡s ♣❛r❛♠ètr❡s ♥❡ ♣rés❡♥t❡♥t ♣❛s t♦✉s ❧❡ ♠ê♠❡ ✐♥térêt ✿
❝❡rt❛✐♥s ❡♥ ❡✛❡t ♦♥t ✉♥❡ ✈❛r✐❛❜✐❧✐té ré❞✉✐t❡ ❞❛♥s ❧❡s ❝♦♥❢♦r♠❛t✐♦♥s st❛♥❞❛r❞s ✭s❤❡❛r✱
str❡t❝❤✱ st❛❣❣❡r ❡t ♦♣❡♥✐♥❣✮✳
▲❛ ♠❛♥✐èr❡ ❞♦♥t ❞♦✐✈❡♥t êtr❡ ❝❛❧❝✉❧és ❧❡s ♣❛r❛♠ètr❡s ♥✬❛ ♣❛s été ❞é✜♥✐❡ à ❈❛♠❜r✐❞❣❡
❡t ❛✉❥♦✉r❞✬❤✉✐ ✐❧ ❡①✐st❡ ❞❡✉① ❛♣♣r♦❝❤❡s ❞✐✛ér❡♥t❡s ✿ ❧✬❛♣♣r♦❝❤❡ ❞✐t❡ ✓ ❣❧♦❜❛❧❡ ✔ ❞é❝♦✉❧❡
❞❡s tr❛✈❛✉① ♦r✐❣✐♥❛✉① s✉r ❧❡s ❤é❧✐❝❡s ré❣✉❧✐èr❡s✱ ❡❧❧❡ ❞é✜♥✐t ✉♥ ❛①❡ ♣❛r r❛♣♣♦rt ❛✉q✉❡❧
s♦♥t ❝❛❧❝✉❧és ❧❡s ♣❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉①✳ ❉❛♥s ❧❡s str✉❝t✉r❡s ❞é❢♦r♠é❡s✱ ✉♥ ❛①❡ ❣❧♦❜❛❧
❞r♦✐t ♥✬❡st ♣❛s ❛♣♣r♦♣r✐é ♠❛✐s ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✉♥ ❛①❡ ❣❧♦❜❛❧ ❝♦✉r❜❡ ♣❡r♠❡t ❞❡ ❞♦♥♥❡r
✉♥❡ ✐♠❛❣❡ ❞❡s ❣r❛♥❞❡s ❞é❢♦r♠❛t✐♦♥s ♣♦ss✐❜❧❡s ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❬✶✶✷❪✳ ❆✉ ❝♦♥tr❛✐r❡✱
✷✳✹✳ ▲❊❙ P❆❘❆▼➮❚❘❊❙ ❍➱▲■❈❖Ï❉❆❯❳ ✷✶
θ
η
X displacement (dx) Tip (   )
Inclination (   )Y displacement (dy)
❋✐❣✳ ✷✳✾ ✕ P❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉①
Shear (Sx) Buckle (   )χ
σOpening (   )
Stretch (Sy) ωPropeller (   )
Stagger (Sz)
❋✐❣✳ ✷✳✶✵ ✕ P❛r❛♠ètr❡s ✐♥tr❛✲♣❛✐r❡s ❞❡ ❜❛s❡s
❧✬❛♣♣r♦❝❤❡ ✓ ❧♦❝❛❧❡ ✔ s✬❛tt❛❝❤❡ à ❞é❝r✐r❡ ❧❛ ❥♦♥❝t✐♦♥ ❡♥tr❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ❛❞❥❛❝❡♥t❡s
❡t ♥❡ s❡ ♣ré♦❝❝✉♣❡ ♣❛s ❞❡ ❞é✜♥✐r ✉♥ ❛①❡ ❣❧♦❜❛❧ ❬✶✶✹❪✳
❋✐♥❛❧❡♠❡♥t✱ ✐❧ ❡st s♦✉✈❡♥t ✐♥tér❡ss❛♥t ❞❡ ♠❡s✉r❡r ❧❛ ❣é♦♠étr✐❡ ❞❡s s✐❧❧♦♥s ❢♦r♠és
❡♥tr❡ ❧❡s ❜r✐♥s ♣❤♦s♣❤♦❞✐❡st❡r✳ ▲❡ ♣❡t✐t s✐❧❧♦♥ ❝♦rr❡s♣♦♥❞ ♣❛r ❝♦♥✈❡♥t✐♦♥ ❛✉ ❝ôté ❞❡s
❧✐❛✐s♦♥s ❣❧②❝♦s✐❞✐q✉❡s✱ ❧❡ ❣r❛♥❞ s✐❧❧♦♥ ❝♦rr❡s♣♦♥❞ à ❧✬❛✉tr❡ ❝ôté ✭✜❣✉r❡ ✷✳✷✮✳ ❆✐♥s✐✱ s✉✐✲
✈❛♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ❧❡s ❞✐♠❡♥s✐♦♥s ❞❡s s✐❧❧♦♥s ♣❡✉✈❡♥t ✈❛r✐❡r ❜❡❛✉❝♦✉♣✳ ▲❛
✷✷ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
Shift (Dx) Tilt (   )τ
Slide (Dy) Roll (   )ρ
Rise (Dz) ΩTwist (    )
❋✐❣✳ ✷✳✶✶ ✕ P❛r❛♠ètr❡s ✐♥t❡r✲♣❛✐r❡s ❞❡ ❜❛s❡s
❧❛r❣❡✉r ❞❡s s✐❧❧♦♥s ♣❡✉t êtr❡ ❝❛❧❝✉❧é❡ ❞❡ ❞❡✉① ❢❛ç♦♥s ❞✐✛ér❡♥t❡s ✿ ❝♦♠♠❡ ❧❛ ❞✐st❛♥❝❡ ❧❛
♣❧✉s ❝♦✉rt❡ ❡♥tr❡ ❞❡✉① ❛t♦♠❡s ❞❡ ♣❤♦s♣❤♦r❡ à tr❛✈❡rs ❧❡ s✐❧❧♦♥✱ ♦✉ ❞❡ ❢❛ç♦♥ ❝♦♥t✐♥✉❡ ❧❡
❧♦♥❣ ❞✉ s✐❧❧♦♥ ❬✶✻✽❪✳
✷✳✺ P♦❧②♠♦r♣❤✐s♠❡ ❞❡ ❧✬❆❉◆
▲❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ r❡st❡ ❧❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s ❛♣t❡ à ❢♦✉r♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❛✉
♥✐✈❡❛✉ ❛t♦♠✐q✉❡ s✉r ❧❡s str✉❝t✉r❡s ❞❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ❬✺✵✱ ✽✻✱ ✶✼✶✱ ✶✽✻❪✳ ❊❧❧❡s s♦♥t
r❛ss❡♠❜❧é❡s ❞❛♥s ❧❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s st❛♥❞❛r❞s ✭❧❛ Pr♦t❡✐♥ ❉❛t❛ ❇❛♥❦ ✓ P❉❇ ✔
❬✶✼✱ ✶✾❪ ♦✉ ❧❛ ◆✉❝❧❡✐❝ ❆❝✐❞s ❉❛t❛ ❇❛♥❦ ✓ ◆❉❇ ✔ ❬✶✽❪✮✳ ❊❧❧❡s ❝♦♥t✐❡♥♥❡♥t ♣❧✉s ❞❡
❝❡♥t str✉❝t✉r❡s ❞✬❆❉◆ rés♦❧✉❡s à ♠♦✐♥s ❞❡ ✷ ➴✱ ✉♥❡ rés♦❧✉t✐♦♥ ❞✬❛✉ ♠♦✐♥s ✶✳✹ ➴ ét❛♥t
♥é❝❡ss❛✐r❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❡s ♣❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉① ❬✶✺✺❪✳ ❖♥ ♣❡✉t
é♠❡ttr❡ ❞❡s rés❡r✈❡s q✉❛♥t ❛✉① ✐♥❢♦r♠❛t✐♦♥s ❛♣♣♦rté❡s ♣❛r ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ♣✉✐sq✉❡
❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❝r✐st❛❧❧✐♥ ♣❡✉t ✐♥❞✉✐r❡ ❞❡s ❞é❢♦r♠❛t✐♦♥s ✐♠♣♦rt❛♥t❡s ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡
q✉✬❡❧❧❡ ♥❡ s✉❜✐t ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐♦❧♦❣✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱ ✐❧
❢❛✉t ♥♦t❡r q✉❡ ❧✬❆❉◆ ❞❛♥s ❧❛ ❝❡❧❧✉❧❡ s❡ tr♦✉✈❡ ❡♥ ❝♦♥t❛❝t étr♦✐t ❛✈❡❝ ❞✬❛✉tr❡s ♠♦❧é❝✉❧❡s
✭♣r♦té✐♥❡ ♦✉ ❆❉◆✮✱ ❞♦♥❝ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❢❛✐❜❧❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡✱ ❞❡
❤❛✉t❡ ❢♦r❝❡ ✐♦♥✐q✉❡✱ ❞❛♥s ✉♥❡ s✐t✉❛t✐♦♥ ❞❡ ❞és❤②❞r❛t❛t✐♦♥ ♣❛rt✐❡❧❧❡✱ ❡t s❛ str✉❝t✉r❡ ♥✬❡st
♣❡✉t êtr❡ ♣❛s s✐ é❧♦✐❣♥é❡ ❞❡ ❝❡❧❧❡ ❞❡s ❆❉◆ ❝r✐st❛❧❧✐sés✳
✷✳✺✳ P❖▲❨▼❖❘P❍■❙▼❊ ❉❊ ▲✬❆❉◆ ✷✸
▲❛ ❘▼◆ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❞❡s str✉❝t✉r❡s ♠♦②❡♥♥é❡s ❞❛♥s ❧❡ t❡♠♣s ❞✬♦❧✐❣♦♠èr❡s
❡♥ s♦❧✉t✐♦♥ ❬✾✻❪✳ ❖♥ ♣❡✉t ❛✐♥s✐ ❞✐st✐♥❣✉❡r ❧❡s ❞✐✛ér❡♥ts ❛❧❧♦♠♦r♣❤❡s ❞❡ ❧✬❆❉◆ ❡t ❧❡s ♣❡r✲
t✉r❜❛t✐♦♥s str✉❝t✉r❛❧❡s ♠❛❥❡✉r❡s ✐♥❞✉✐t❡s ♣❛r ❞❡s ♣❛✐r❡s ❞❡ ❜❛s❡s ♥♦♥ ❝♦♠♣❧é♠❡♥t❛✐r❡s
❝♦♠♠❡ ❧❡s ♠és❛♣♣❛r✐❡♠❡♥ts ✭♠✐s♠❛t❝❤✮ ♦✉ ♣❛r ❞❡s ③♦♥❡s ❞❡ ♥♦♥ ❛♣♣❛r✐❡♠❡♥t ✭❜✉❧❣❡ ✮✳
❊❧❧❡ ♣❡r♠❡t✱ ❝♦♠♠❡ ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡✱ ❞✬♦❜s❡r✈❡r ❞❡s ✈❛r✐❛t✐♦♥s str✉❝t✉r❛❧❡s ❞❡ ❧✬❆❉◆
q✉✐ ❞é♣❡♥❞❡♥t ❞❡ s❛ séq✉❡♥❝❡ ❬✸✺✱ ✶✸✷❪✳ ❚♦✉t❡❢♦✐s✱ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ❧❛ ❘▼◆
s♦♥t ❡♥❝♦r❡ ❞é♣❡♥❞❛♥ts ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ✉t✐❧✐sé❡s ♣♦✉r ❛✣♥❡r ❧❡s ♠♦❞è❧❡s
❞❡ str✉❝t✉r❡✳
▲❛ str✉❝t✉r❡ ❣❧♦❜❛❧❡ ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❞✬❆❉◆ ❡st ❞é♣❡♥❞❛♥t❡ ❞❡ s♦♥ ❡♥✈✐r♦♥✲
♥❡♠❡♥t ✿ ❢♦r❝❡ ✐♦♥✐q✉❡✱ ❞❡❣ré ❞✬❤②❞r❛t❛t✐♦♥✱ t❡♠♣ér❛t✉r❡✱ ♥❛t✉r❡ ❞✉ s♦❧✈❛♥t ❬✶✼✶❪ ❡t
❛✉ss✐ ❞❡ s❛ ❝♦♠♣♦s✐t✐♦♥ ❡♥ ❜❛s❡s✳ ▲❡s ♥♦♠❜r❡✉s❡s ét✉❞❡s ❞❡ ❞✐✛r❛❝t✐♦♥ ❞❡s r❛②♦♥s ❳
s✉r ❞❡s ✜❜r❡s ❡t ❞❡s ❝r✐st❛✉① ❞✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡s ❞✬✉♥❡ ♣❛rt✱ ❡t ❧❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❘▼◆
❞✬❛✉tr❡ ♣❛rt ❝❧❛ss❡♥t ❧❡s str✉❝t✉r❡s ❞❡ ❧✬❆❉◆ ❡♥ tr♦✐s ❣r❛♥❞❡s ❢❛♠✐❧❧❡s ❛❧❧♦♠♦r♣❤❡s ✿
❆✱ ❇ ❡t ❩✳ ❈❡s tr♦✐s str✉❝t✉r❡s s♦♥t ✈✐s✉❡❧❧❡♠❡♥t r❡❝♦♥♥❛✐ss❛❜❧❡s ✿ à ♥♦♠❜r❡ é❣❛❧ ❞❡
♣❛✐r❡s ❞❡ ❜❛s❡s✱ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❡st ❧♦♥❣✉❡ ❡t é❧❛♥❝é❡ ❞❛♥s ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇ ✭✜❣✉r❡
✷✳✶✷✮✱ ❝♦✉rt❡ ❡t ❧❛r❣❡ ❞❛♥s ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❆ ✭✜❣✉r❡ ✷✳✶✸✮ ❡t ♣❧✉s ❧♦♥❣✉❡ ❡t ♣❧✉s ✜♥❡
❞❛♥s ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❩ ✭✜❣✉r❡ ✷✳✶✹✮✳ ▲❡s ✈❛❧❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ♠♦②❡♥♥❡s ❞❡s ♣❛r❛✲
♠ètr❡s str✉❝t✉r❛✉① ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ❢♦r♠❡s s♦♥t r❡❣r♦✉♣é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✷✳✶✳ ❈❡s
❝♦♥❢♦r♠❛t✐♦♥s ❞✐✛èr❡♥t ♣❛r ❧✬❡♠♣✐❧❡♠❡♥t ❞❡s ♣❛✐r❡s ❞❡ ❜❛s❡s ❡t ♣❛r ❧❡✉r ♣♦s✐t✐♦♥ ♣❛r
r❛♣♣♦rt à ❧✬❛①❡ ❤é❧✐❝♦ï❞❛❧✳
✷✳✺✳✶ ❋♦r♠❡ ❇
▲❛ ❢♦r♠❡ ❇ ❞❡ ❧✬❆❉◆ ❡st ❞♦♠✐♥❛♥t❡ ❧♦rsq✉❡ ❧✬❤②❣r♦♠étr✐❡ ❡st s✉♣ér✐❡✉r❡ à ✾✵✪
❬✻✻✱ ✷✵✻❪✳ ▲✬❡♥r♦✉❧❡♠❡♥t ❞❡ ❧✬❤é❧✐❝❡ ❛✉t♦✉r ❞❡ s♦♥ ❛①❡ ét❛♥t ✓ ♠❛✐♥ ❞r♦✐t❡ ✔✱ ♦♥ ♣❛r❧❡
❞✬✉♥❡ ❤é❧✐❝❡ ❞r♦✐t❡✳ ▲❡s ♣❛✐r❡s ❞❡ ❜❛s❡s s❡ s✐t✉❡♥t ❛✉ ❝❡♥tr❡ ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡✱ ❡t
s♦♥t ❣❧♦❜❛❧❡♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s à ❧✬❛①❡ ❤é❧✐❝♦ï❞❛❧✳ ■❧ ② ❛ ❡♥✈✐r♦♥ ❞✐① ♣❛✐r❡s ❞❡ ❜❛s❡s
♣❛r t♦✉r✱ ❡s♣❛❝é❡s ❞❡ ✸✳✹ ➴ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ✭✜❣✉r❡ ✷✳✶✷✮✳ ▲❡s s✉❝r❡s s♦♥t ✓ s✉❞ ✔✱
❧❡s t♦rs✐♦♥s ❣❧②❝♦s✐❞✐q✉❡s s♦♥t anti ❡t ❧❡s ❣r♦✉♣❡♠❡♥ts ♣❤♦s♣❤❛t❡ s♦♥t ❡♥ ❢♦r♠❡ ❇■
✭ε−ζ = −90✝❝♦♥tr❛st❛♥t ❛✈❡❝ ✉♥❡ ✈❛❧❡✉r ❞✬❡♥✈✐r♦♥ +90✝♣♦✉r ❧❛ ❢♦r♠❡ ❇■■✮✳ ▲❡s ❣r♦✉✲
♣❡♠❡♥ts ♣❤♦s♣❤❛t❡ s♦♥t ❞✐❛♠étr❛❧❡♠❡♥t ♦♣♣♦sés ❡t ❧❡✉rs ♦①②❣è♥❡s ❛♥✐♦♥✐q✉❡s ♣♦✐♥t❡♥t
✈❡rs ❧✬❡①tér✐❡✉r ❞❡ ❧✬❤é❧✐❝❡✳ ❈❡s ❞❡r♥✐❡rs s♦♥t st❛❜✐❧✐sés ♣❛r ❞❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s ♠♦✲
❧é❝✉❧❡s ❞✬❡❛✉ ❡t ❧❡s ❝♦♥tr❡✲✐♦♥s ♣♦s✐t✐❢s✱ ré❞✉✐s❛♥t ❛✐♥s✐ ❧❛ ré♣✉❧s✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡
❧❡s ❞❡✉① ❜r✐♥s✳ ❉✉ ❢❛✐t q✉❡ ❧❡s ❞❡✉① ❧✐❛✐s♦♥s ❣❧②❝♦s✐❞✐q✉❡s ❞✬✉♥❡ ♣❛✐r❡ ❞❡ ❜❛s❡s s♦♥t ❞✉
♠ê♠❡ ❝ôté✱ ❧❡s ❞❡✉① s✐❧❧♦♥s ♥✬♦♥t ♣❛s ❧❛ ♠ê♠❡ ❞✐♠❡♥s✐♦♥✳ ❆✐♥s✐ ❧❡ ♣❡t✐t s✐❧❧♦♥ ❡st étr♦✐t
❡t ❧❡ ❣r❛♥❞ s✐❧❧♦♥ ❡st ❧❛r❣❡✱ t❛♥❞✐s q✉❡ ❧❡✉rs ♣r♦❢♦♥❞❡✉rs s♦♥t ❝♦♠♣❛r❛❜❧❡s✳ ❈❡tt❡ ❞✐✛é✲
r❡♥❝❡ ❡st très ✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s ♣r♦té✐♥❡s ♦✉ ❞✬❛✉tr❡s ♠♦❧é❝✉❧❡s ✿
❝❤❛q✉❡ s✐❧❧♦♥ ❢♦r♠❡ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❧♦❝❛❧ ❞✐✛ér❡♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ é❧❡❝tr♦st❛t✐q✉❡ ❡t
stér✐q✉❡✳
✷✹ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
P❛r❛♠ètr❡ ❆❉◆ ❆ ❆❉◆ ❇ ❆❉◆ ❩
♣❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉① ❣❧♦❜❛✉①
❳❞✐s♣ ✲✺✱✸ ✵✱✵ ✶✱✷
❨❞✐s♣ ✵✱✵ ✵✱✵ ✷✱✵✴✷✱✵
■♥❝ ✷✵✱✼ ✶✱✺ ✶✹✱✺
❚✐♣ ✵✱✵ ✵✱✵ ✶✼✽✱✺✴✲✶✼✽✱✺
❇✉❝❦❧❡ ✵✱✵ ✵✱✵ ✹✱✾✴✲✹✱✾
Pr♦♣❡❧❧❡r ❚✇✐st ✲✼✱✺ ✲✶✸✱✸ ✶✱✶
❙❧✐❞❡ ✵✱✵ ✵✱✵ ✸✱✾✴✲✸✱✾
❘✐s❡ ✷✱✻ ✸✱✹ ✹✱✼✴✷✱✼
❚✐❧t ✵✱✵ ✵✱✵ ✵✱✵
❘♦❧❧ ✵✱✵ ✵✱✵ ✲✷✱✾✴✷✱✾
❚✇✐st ✸✷✱✼ ✸✻✱✵ ✲✽✱✾✴✲✹✾✱✷
❛♥❣❧❡s ❞❡ t♦rs✐♦♥ ❞✉ sq✉❡❧❡tt❡
α ✲✼✹✱✽ ✲✹✵✱✼ ✼✶✱✼✴✲✶✸✼✱✹
β ✲✶✼✾✱✶ ✶✸✺✱✻ ✲✶✼✻✱✵✴✲✶✻✾✱✶
γ ✺✽✱✾ ✸✼✱✹ ✶✼✺✱✺✴✻✵✱✵
ε ✲✶✺✺✱✵ ✲✶✸✸✱✷ ✲✾✷✱✷✴✲✶✵✶✱✽
ζ ✲✻✼✱✶ ✲✶✺✻✱✾ ✲✺✸✱✸✴✼✻✱✻
χ ✲✶✺✽✱✾ ✲✶✵✶✱✾ ✻✸✱✸✴✲✶✹✼✱✹
❞❡s❝r✐♣t✐♦♥ ❞✉ s✉❝r❡
P❤❛s❡ ✶✽✱✸ ✶✺✹✱✽ ✶✸✱✷✴✶✻✸✱✹
❆♠♣❧✐t✉❞❡ ✹✶✱✻ ✸✾✱✼ ✸✽✱✾✴✶✼✱✶
❚❛❜✳ ✷✳✶ ✕ P❛r❛♠ètr❡s str✉❝t✉r❛✉① ❞❡s tr♦✐s ❢❛♠✐❧❧❡s ❞❡ ❧✬❆❉◆✳ ▲❡s tr❛♥s❧❛t✐♦♥s s♦♥t ❡♥ ➴
❡t ❧❡s r♦t❛t✐♦♥s ❡♥ ❞❡❣rés✳ P♦✉r ❧✬❆❉◆ ❩✱ ❧❡s ✈❛❧❡✉rs ♣♦✉r ❧❡s ♣❛✐r❡s ❨♣❘ ♣✉✐s ♣♦✉r ❧❡s ♣❛✐r❡s
❘♣❨ s♦♥t ❞♦♥♥é❡s✳ ❊❧❧❡s r❡✢èt❡♥t ❧❛ s②♠étr✐❡ ❞✐♥✉❝❧é♦t✐❞✐q✉❡ ❞❡ ❝❡tt❡ ❢♦r♠❡ ❬✽✶❪✳
❙❡❧♦♥ ❝❡rt❛✐♥s ❛✉t❡✉rs✱ ❛✉ ♥✐✈❡❛✉ ❞✉ ♣❡t✐t s✐❧❧♦♥ ❞❡s ♣❛✐r❡s ❞❡ ❜❛s❡s ❆·❚✱ ❞❡✉①
❝♦✉❝❤❡s s✉❝❝❡ss✐✈❡s ❞❡ ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❢♦r♠❡r❛✐❡♥t ✉♥❡ ✓ é♣✐♥❡ ❞♦rs❛❧❡ ✔ ❞✬❤②❞r❛✲
t❛t✐♦♥ ✿ ❝❡❧❧❡s ❞❡ ❧❛ ♣r❡♠✐èr❡ ❝♦✉❝❤❡ r❡❧✐r❛✐❡♥t ❞❡✉① ❛❝❝❡♣t❡✉rs ❞❡ ❧✐❛✐s♦♥s ❤②❞r♦❣è♥❡✱
t♦✉t ❡♥ ét❛♥t ❡❧❧❡s ♠ê♠❡ r❡❧✐é❡s ❡♥tr❡ ❡❧❧❡s ♣❛r ❧❡s ♠♦❧é❝✉❧❡s ❞❡ ❧❛ ❞❡✉①✐è♠❡ ❝♦✉❝❤❡ ❬✺✹❪✳
▲✬ét✉❞❡ ré❝❡♥t❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❞♦❞é❝❛♠èr❡ ❞❡ ❉✐❝❦❡rs♦♥ rés♦❧✉❡ à ✶✳✹ ➴ s✉❣❣èr❡
é❣❛❧❡♠❡♥t ❧❛ ♣rés❡♥❝❡ ❞✬✐♦♥s ♠♦♥♦✈❛❧❡♥ts✱ ♥♦t❛♠♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡s séq✉❡♥❝❡s ❞✉ t②♣❡
❆n❚n ❬✶✼✹✱ ✶✼✺❪ ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ❝♦✉❝❤❡ ❞❡ ❝❡tt❡ ✓ é♣✐♥❡ ❞♦rs❛❧❡ ✔ ❞✬❤②❞r❛t❛t✐♦♥✳
✷✳✺✳✷ ❋♦r♠❡ ❆
▲❛ ❢♦r♠❡ ❆ ❡st ✐♥❞✉✐t❡ ❧♦rsq✉❡ ❧✬❤②❣r♦♠étr✐❡ ❡st ✐♥❢ér✐❡✉r❡ à ✼✺✪✱ s♦✐t ❞❛♥s ❧✬❡♥✈✐✲
r♦♥♥❡♠❡♥t ❝r✐st❛❧❧✐♥ ✿ s♦✐t ❞❛♥s ❧❡s s♦❧✉t✐♦♥s ♠✐①t❡s ❛❧❝♦♦❧✴❡❛✉ ❬✶✵✹❪✳ ❊❧❧❡ ❡st é❣❛❧❡♠❡♥t
❢❛✈♦r✐sé❡ ♣❛r ❞❡s séq✉❡♥❝❡s r✐❝❤❡s ❡♥ ♣❛✐r❡s ❞❡ ❜❛s❡s ●❈✱ ♠❛✐s r❡st❡ ❣é♥ér❛❧❡♠❡♥t ♠♦✐♥s
st❛❜❧❡ q✉❡ ❧✬❆❉◆ ❇ ❡♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡ ❬✶✸✺✱ ✶✾✽❪✳ ❆✐♥s✐✱ ❜✐❡♥ q✉✬✐❧ s♦✐t ❢❛❝✐❧❡ ❞✬♦❜t❡♥✐r
❞❡s ❝r✐st❛✉① ❞✬❆❉◆ ❡♥ ❢♦r♠❡ ❆✱ ✐❧s ❝♦♥t✐❡♥♥❡♥t ♣❛r❢♦✐s ✉♥ ♠é❧❛♥❣❡ ❞❡s ❢♦r♠❡s ❆ ❡t ❇
✷✳✺✳ P❖▲❨▼❖❘P❍■❙▼❊ ❉❊ ▲✬❆❉◆ ✷✺
p
G
❋✐❣✳ ✷✳✶✷ ✕ ❆❉◆ ❇✳ P ✿ ♣❡t✐t s✐❧❧♦♥✱ ● ✿ ❣r❛♥❞ s✐❧❧♦♥✳
❬✺✶✱ ✶✶✾❪✳
▲✬❆❉◆ ❞❛♥s s❛ ❢♦r♠❡ ❆ ✭✜❣✉r❡ ✷✳✶✸✮ ❡st ✉♥❡ ❤é❧✐❝❡ ❞r♦✐t❡✱ s♦♥ ❞✐❛♠ètr❡ ❡st ♣❧✉s
❣r❛♥❞ q✉❡ ❝❡❧✉✐ ❞❡ ❧✬❆❉◆ ❇✳ ▲❡ s✉❝r❡ ♣❛ss❡ ❞❡ ❧❛ ❢♦r♠❡ ❈✷✬✲❡♥❞♦ à ❧❛ ❢♦r♠❡ ❈✸✬✲❡♥❞♦✳
▲✬❛♥❣❧❡ ❣❧②❝♦s✐❞✐q✉❡✱ ❧❡ ❚✇✐st ❡t ❧❡ ❘✐s❡ s♦♥t ré❞✉✐ts✳ ▲❡ ♣❛s ❞❡ ❧✬❤é❧✐❝❡ ❡st ❞❡ ✷✽ ➴ ❡t
❞❡ ♦♥③❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ♣❛r t♦✉r✳ ▲❡s ♣❛✐r❡s ❞❡ ❜❛s❡s s♦♥t ❞é♣❧❛❝é❡s ✈❡rs ❧❡ ♣❡t✐t s✐❧❧♦♥
❡t ♥❡ s♦♥t ♣❧✉s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s à ❧✬❛①❡ ❞❡ ❧✬❤é❧✐❝❡ ♠❛✐s ✐♥❝❧✐♥é❡s ✭❧❡ ❚✐❧t ❡st ❞❡ ✷✵✝✮✳
▲❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣❛✐r❡s ❞❡ ❜❛s❡s ❛ ✉♥❡ ❝♦♥séq✉❡♥❝❡ s✉r ❧✬❛s♣❡❝t ❞❡s s✐❧❧♦♥s ✿ ♣❛r
r❛♣♣♦rt à ❧❛ ❢♦r♠❡ ❇✱ ❧❡ ❣r❛♥❞ s✐❧❧♦♥ ❡st étr♦✐t ❡t très ♣r♦❢♦♥❞✱ ❧❡ ♣❡t✐t s✐❧❧♦♥ ❡st très
é❧❛r❣✐ ❡t ♣❡✉ ♣r♦❢♦♥❞✳ ❈❡s ❝❤❛♥❣❡♠❡♥ts str✉❝t✉r❛✉① ✐♥❞✉✐s❡♥t ❧❡ r❛♣♣r♦❝❤❡♠❡♥t ❞❡s
❣r♦✉♣❡♠❡♥ts ♣❤♦s♣❤❛t❡ ✈❡rs ❧❡ ❣r❛♥❞ s✐❧❧♦♥ ✿ ❧❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr♦♥é❣❛t✐❢ ❛✉① ❛❜♦r❞s ❞❡
❝❡ ❞❡r♥✐❡r ❡st ❛✐♥s✐ ❛✉❣♠❡♥té✱ ❝❡ q✉✐ ♣❡✉t ✐♥✢✉❡♥❝❡r ❧❛ ✜①❛t✐♦♥ ❞✬✉♥ é✈❡♥t✉❡❧ ❧✐❣❛♥❞✳ ▲❡s
♦①②❣è♥❡s ❛♥✐♦♥✐q✉❡s s❡ r❡tr♦✉✈❡♥t ❢❛❝❡ à ❢❛❝❡ ❡t s♦♥t ❢♦rt❡♠❡♥t ❤②❞r❛tés✳ ■❧s ♣❡✉✈❡♥t
❛✐♥s✐ ❢♦r♠❡r ❡♥tr❡ ❡✉①✱ ❞✉ ❢❛✐t ❞❡ ❧❡✉r ♣r♦①✐♠✐té✱ ❞❡s ❧✐❛✐s♦♥s ✐♥t❡r ❡t ✐♥tr❛✲❜r✐♥ ♣❛r
❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❬✶✻✺❪✳
❖♥ ♦❜s❡r✈❡ ✉♥❡ ♠♦✐♥s ❣r❛♥❞❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ séq✉❡♥❝❡
❞❛♥s ❧❛ ❢♦r♠❡ ❆ q✉❡ ❞❛♥s ❧❛ ❢♦r♠❡ ❇ ❬✶✽✵❪✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s ♣❤❛s❡s ❞❡s s✉❝r❡s ❈✸✬✲❡♥❞♦
s♦♥t ❜❡❛✉❝♦✉♣ ♣❧✉s ❝♦♥✜♥é❡s ❛✉t♦✉r ❞❡ ❧❡✉r ✈❛❧❡✉r ❝❛♥♦♥✐q✉❡ ✭✶✽✝✮ q✉❡ ♥❡ ❧❡ s♦♥t ❧❡s
s✉❝r❡s ❈✷✬✲❡♥❞♦ ✭✶✻✷✝✮ ❞❛♥s ❧❛ ❢♦r♠❡ ❇✳ ▲✬❆❉◆ ❆ ♣♦ssé❞❡r❛✐t é❣❛❧❡♠❡♥t ✉♥❡ ✓ é♣✐♥❡
❞♦rs❛❧❡ ✔ ❞✬❤②❞r❛t❛t✐♦♥ ❞❛♥s ❧❡ ❣r❛♥❞ s✐❧❧♦♥ ❬✻✹❪✳
▲❡s tr❛♥s✐t✐♦♥s ❇−→❆ ♥✬✐♥❞✉✐s❡♥t q✉❡ ❞❡s ré❛rr❛♥❣❡♠❡♥ts ❧✐♠✐tés ❞✉ sq✉❡❧❡tt❡ ❡t ❞❡
❧❛ ❣é♦♠étr✐❡ ❞❡s ❜❛s❡s ✭t❛❜❧❡❛✉ ✷✳✶✮✳ ❊❧❧❡s ♣❡✉✈❡♥t ✐♥t❡r✈❡♥✐r ❞❡ ❢❛ç♦♥ ❝♦♥❝❡rté❡ ❡t s❛♥s
✷✻ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
p
G
❋✐❣✳ ✷✳✶✸ ✕ ❆❉◆ ❆
à✲❝♦✉♣ ❞❛♥s t♦✉t❡ ❧❛ ♠♦❧é❝✉❧❡ ❞✬❆❉◆✳ ❊❧❧❡s ♣❛ss❡♥t ♣❛r ❞❡s ✐♥t❡r♠é❞✐❛✐r❡s ❤②❜r✐❞❡s
❞♦♥t ❧❡s ❞❡✉① ❜r✐♥s ♣❡✉✈❡♥t ❝♦♥t❡♥✐r ✉♥ ♠é❧❛♥❣❡ ❞❡ s✉❝r❡s ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❈✸✬✲❡♥❞♦
❡t ❈✷✬✲❡♥❞♦ ❬✺✱ ✶✺✼❪✳ ▲❡s ❥♦♥❝t✐♦♥s ❇✴❆ s❡ ❢♦r♠❡♥t ❛✈❡❝ ✉♥ ❢❛✐❜❧❡ ❝♦ût é♥❡r❣ét✐q✉❡
♣✉✐sq✉❡ ❧❡s ❜❛s❡s ② ❝♦♥s❡r✈❡♥t ✉♥ ❜♦♥ ❡♠♣✐❧❡♠❡♥t ❡t q✉❡ ❧❡ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r ②
❡st ♣❡✉ ét✐ré✳ ❊♥ ♦✉tr❡✱ ❡❧❧❡s ❡♥tr❛î♥❡♥t ✉♥❡ ♣❡t✐t❡ ❝♦✉r❜✉r❡ ❞❡ ❧✬❛①❡ ❤é❧✐❝♦ï❞❛❧ ✭❞✬❡♥✲
✈✐r♦♥ ✶✺✝✮ ♣ré❢ér❡♥t✐❡❧❧❡ à ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞❡s ❜❛s❡s ❬✶✶✶❪✳ ❊♥ ❝r✐st❛❧❧♦❣r❛♣❤✐❡✱ ❞❡s ❢♦r♠❡s
✐♥t❡r♠é❞✐❛✐r❡s ❡♥tr❡ ❆ ❡t ❇ s♦♥t ♦❜s❡r✈é❡s ❧♦❝❛❧❡♠❡♥t ❡♥tr❡ ❞❡✉① ❢r❛❣♠❡♥ts ❞✬❆❉◆✲❇✳
▲❡s ❝♦♠♣❧❡①❡s ❆❉◆✲❩✐❢✷✻✽✹ ❬✶✹✺❪ ❡t ❆❉◆✲❚❇P✺ ❬✼✼❪ ✐❧❧✉str❡♥t ❝❡ ♣❤é♥♦♠è♥❡✳ ❖♥ ♣❡✉t
❛✐♥s✐ ♣❡♥s❡r q✉❡ ❝❡tt❡ ❢♦r♠❡ ✐♥t❡r♠é❞✐❛✐r❡ ✐♥t❡r✈✐❡♥t ❞❛♥s ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧✬❆❉◆
❞❛♥s ❧❛ ❝❡❧❧✉❧❡✳
✷✳✺✳✸ ❋♦r♠❡ ❩
▲❛ ❢♦r♠❡ ❩ ❛ été ❞ét❡❝té❡ ✐♥✐t✐❛❧❡♠❡♥t ❣râ❝❡ à s♦♥ s♣❡❝tr❡ ❞❡ ❞✐❝❤r♦ïs♠❡ ❝✐r❝✉❧❛✐r❡
✐♥❤❛❜✐t✉❡❧ ❬✶✺✵❪✳ ❊❧❧❡ ❞✐✛èr❡ très ♥❡tt❡♠❡♥t ❞❡s ❢♦r♠❡s ❆ ❡t ❇ ♣✉✐sq✉✬❡❧❧❡ s❡ ❝❛r❛❝tér✐s❡
♣❛r ✉♥❡ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❣❛✉❝❤❡✳ ❙❡s ♣❛✐r❡s ❞❡ ❜❛s❡s s♦♥t t♦✉r♥é❡s ❞❡ ✶✽✵✝ ❛✉t♦✉r ❞❡
❧✬❛①❡ ✭❩✮ ♣❛r r❛♣♣♦rt à ❝❡❧❧❡s ❞❡s ❢♦r♠❡s ❆ ❡t ❇ ✭✜❣✉r❡ ✷✳✾✮✳ ❊❧❧❡ ♣rés❡♥t❡ ✉♥❡ ❢♦rt❡
s②♠étr✐❡ ❞✐♥✉❝❧é♦t✐❞✐q✉❡ ❛❝❝❡♥t✉é❡ ♣❛r ❧❡s séq✉❡♥❝❡s ❛❧t❡r♥é❡s ❘❨✳ ▲✬❤é❧✐❝❡ ❛ ✉♥ ♣❛s
✹❩✐❢ ✷✻✽ ❡st ✉♥ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥ ❞é❝♦✉✈❡rt ❝❤❡③ ❧❛ s♦✉r✐s q✉✐ ❝♦♠♣r❡♥❞ tr♦✐s ♠♦t✐❢s ❡♥ ❞♦✐❣t
❞❡ ❩✐♥❝✳
✺▲❡ ❢❛❝t❡✉r ❚❆❚❆ ♦✉ ❚❆❚❆✲❜♦① ❜✐♥❞✐♥❣ Pr♦t❡✐♥ ✭❚❇P✮ ❡st ✉♥❡ ❞❡s ♣r♦té✐♥❡s ❢♦r♠❛♥t ❧❡ ❝♦♠♣❧❡①❡
❚❋■■❉✱ ❢❛❝t❡✉r ❣é♥ér❛❧ ❞❡ ❧❛ tr❛♥s❝r✐♣t✐♦♥ q✉✐ ♣❡r♠❡t ❧❛ ✜①❛t✐♦♥ ❞❡ ❧✬❆❘◆✲♣♦❧②♠ér❛s❡ ❞❡ t②♣❡ ■■ à
❧✬❆❉◆✳
✷✳✺✳ P❖▲❨▼❖❘P❍■❙▼❊ ❉❊ ▲✬❆❉◆ ✷✼
❞❡ ✹✺ ➴ ❡t ❞♦✉③❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ♣❛r t♦✉r✱ ❡❧❧❡ ❡st ❞♦♥❝ ét✐ré❡ ♣❛r r❛♣♣♦rt ❛✉① ❢♦r♠❡s
❆ ❡t ❇ ✭✷✽ ➴✴♦♥③❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ❡t ✸✹ ➴✴❞✐① ♣❛✐r❡s ❞❡ ❜❛s❡s✱ r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ▲❡
♣❧✐ss❡♠❡♥t ❞❡s s✉❝r❡s ❡t ❧✬❛♥❣❧❡ ❣❧②❝♦s✐❞✐q✉❡ ❛❧t❡r♥❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❡♥tr❡ ❈✷✬✲❡♥❞♦
✭anti✮ ❡t ❈✸✬✲❡♥❞♦ ✭syn✮ ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞✬✉♥❡ ♣②r✐♠✐❞✐♥❡ à ❧❛ ♣✉r✐♥❡ ❛❞❥❛❝❡♥t❡✳ ▲❡s
❜❛s❡s s♦♥t r❡❥❡té❡s ✈❡rs ❧✬❡①tér✐❡✉r ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ ❞✉ ❝ôté ❞✉ ❣r❛♥❞ s✐❧❧♦♥✱ ❢❛✐s❛♥t
♣r❛t✐q✉❡♠❡♥t ❞✐s♣❛r❛îtr❡ ❝❡ ❞❡r♥✐❡r✳ ■❧ ❛♣♣❛r❛ît ❞♦♥❝ ❧❛r❣❡ ❡t ♣❡✉ ♣r♦❢♦♥❞ t❛♥❞✐s q✉❡
❧❡ ♣❡t✐t s✐❧❧♦♥ ❡st étr♦✐t ❡t très ♣r♦❢♦♥❞ ✭✜❣✉r❡ ✷✳✶✹✮✳
p
G
❋✐❣✳ ✷✳✶✹ ✕ ❆❉◆ ❩
▲✬❆❉◆ ❩ ❡st ✐♥st❛❜❧❡ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐♦❧♦❣✐q✉❡s✳ ■❧ ❡st ❢❛✈♦r✐sé ♣❛r ❞❡s
séq✉❡♥❝❡s ❛❧t❡r♥é❡s ●❈✱ ♣❛r ✉♥❡ ❢♦rt❡ ❝♦♥❝❡♥tr❛t✐♦♥ s❛❧✐♥❡ ♦✉ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✐♦♥s
♠✉❧t✐✈❛❧❡♥ts ❬✾✱ ✾✾✱ ✶✵✺✱ ✶✶✼✱ ✶✷✶✱ ✶✾✺❪ q✉✐ é❝r❛♥t❡♥t ❧❡s ❣r♦✉♣❡♠❡♥ts ♣❤♦s♣❤❛t❡ ❡t
♣❡r♠❡tt❡♥t ❞♦♥❝ ❧❡ r❡ss❡rr❡♠❡♥t ❞✉ ♣❡t✐t s✐❧❧♦♥ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❝❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥✳
❈♦♠♠❡ ❧❡s ❢♦r♠❡s ❆ ❡t ❇✱ ❡❧❧❡ s❡r❛✐t st❛❜✐❧✐sé❡ ♣❛r ✉♥❡ ✓ é♣✐♥❡ ❞♦rs❛❧❡ ✔ str✉❝t✉ré❡
❞❡ ♠♦❧é❝✉❧❡s ❞✬❡❛✉ q✉✐ s✬ét❛❜❧✐r❛✐t ❞❛♥s ❧❡ ♣❡t✐t s✐❧❧♦♥ ❬✼✷❪✳ ❊❧❧❡ ♣❡✉t ❛✉ss✐ êtr❡ st❛❜✐❧✐✲
sé❡ ♣❛r ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡s ❜❛s❡s ❝♦♠♠❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧❛ ❝②t♦s✐♥❡ ❡♥ ❈✺
❬✶✷✱ ✼✵❪ ♦✉ s❛ ❜r♦♠✐♥❛t✐♦♥ ❬✸✻✱ ✶✷✸❪✳ ▲✬❆❉◆ ❩ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ✐♥❞✉✐t ♣❛r ❧❛ ❝ré❛t✐♦♥
❞❡ s✉♣❡rt♦✉rs ♥é❣❛t✐❢s ♦✉ ♣❛r ré❛❝t✐♦♥ ❛✈❡❝ ❞❡s ❛♥t✐❝♦r♣s s♣é❝✐✜q✉❡s ❡t ❝❡rt❛✐♥s ♦❧✐❣♦✲
♣❡♣t✐❞❡s ❬✶✽✹❪✳ P❛r❛❧❧è❧❡♠❡♥t✱ ❞✬❛✉tr❡s t②♣❡s ❞❡ ♠♦❞✐✜❝❛t✐♦♥s ❝❤✐♠✐q✉❡s✱ ❡♥tr❡ ❛✉tr❡s
❝❡❧❧❡s q✉✐ ❣ê♥❡♥t ❧❛ r♦t❛t✐♦♥ ❞❡s ♣❛✐r❡s ❞❡ ❜❛s❡s✱ ❞é❢❛✈♦r✐s❡♥t ❧❛ tr❛♥s✐t✐♦♥ ❇→❩✳
▲❡s ♠é❝❛♥✐s♠❡s ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❇→❩ s♦♥t très ♣❡✉ ❝♦♥♥✉s ♠❛❧❣ré ❧❡s ❞✐✛ér❡♥ts
♠♦❞è❧❡s ♣r♦♣♦sés ❬✼✽✱ ✽✷✱ ✽✹✱ ✶✶✷❪✳ ❈❡✉①✲❝✐ s✉❣❣èr❡♥t q✉✬❛♣rès ✉♥❡ ❧❡♥t❡ ét❛♣❡ ❞✬✐♥✐t✐❛✲
t✐♦♥ ❬✶✺✾❪✱ ❧❛ tr❛♥s✐t✐♦♥ s❡ ♣r♦♣❛❣❡ ❞❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ❡♥ ♣❛✐r❡s ❞❡ ❜❛s❡s ❧❡ ❧♦♥❣ ❞❡ ❧❛
✷✽ ❈❍❆P■❚❘❊ ✷✳ ▲✬❆❉◆
séq✉❡♥❝❡ s❛♥s ♦✉✈❡rt✉r❡ ❞❡ ❝❡❧❧❡s✲❝✐✳ ▲❛ ③♦♥❡ ❞❡ ❥♦♥❝t✐♦♥ s❡r❛✐t très ❧✐♠✐té❡ ❞❛♥s ❧✬❡s✲
♣❛❝❡ ❬✺✸✱ ✾✸✱ ✶✼✷❪ ❡t ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ✐♠♣♦rt❛♥t❡ ❞✐s❧♦❝❛t✐♦♥ ❡t ✉♥❡ ❢♦rt❡ ❝♦✉r❜✉r❡
❞❡ ❧✬❛①❡ ❤é❧✐❝♦ï❞❛❧ ❬✶✶✶❪✳ ❈❡tt❡ r✉♣t✉r❡ ❞❡ ❧✬❛①❡ s❡r❛✐t ❝♦✉♣❧é❡ à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉
❘✐s❡ ❥✉sq✉✬à ❧❛ ♣❡rt❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ st❛❝❦✐♥❣✱ ❝❡ q✉✐ ❢❛❝✐❧✐t❡r❛✐t ❧❡ r❡t♦✉r♥❡♠❡♥t
❞❡s ❜❛s❡s ❡t ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ s❡♥s ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡✳
✷✳✻ ❈♦♥❝❧✉s✐♦♥
▲❡s ❞♦♥♥é❡s str✉❝t✉r❛❧❡s ❞♦♥t ❧❛ q✉❛❧✐té ♥❡ ❝❡ss❡ ❞❡ s✬❛♠é❧✐♦r❡r ♠♦♥tr❡♥t q✉❡ ❧❛
❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ❡♥ ré❛❧✐té ❜❡❛✉❝♦✉♣ ♣❧✉s ❝♦♠♣❧❡①❡ q✉❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡ s②✲
♠étr✐q✉❡ ❞❡ ❲❛ts♦♥ ❡t ❈r✐❝❦✳ ▲✬❆❉◆ ❡st ✉♥❡ ♠♦❧é❝✉❧❡ r❡❧❛t✐✈❡♠❡♥t ✢❡①✐❜❧❡ q✉✐ ♣rés❡♥t❡
❞❡s ❝♦♥❢♦r♠❛t✐♦♥s ❧♦❝❛❧❡s ❞✐✈❡rs❡s✱ ❞é♣❡♥❞❛♥t❡s ❞❡ ❧❛ séq✉❡♥❝❡ ❡♥ ❜❛s❡s✳ ▲❛ ✈❛r✐❛❜✐❧✐té
❞❡s ❝♦♥❢♦r♠❛t✐♦♥s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❞❡s ❆❉◆ ❇ té♠♦✐❣♥❡ ❞❡ ❝❡tt❡ ✢❡①✐❜✐❧✐té ❬✽✻❪✱ ❡t
❧❡s ét✉❞❡s ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘▼◆ ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r
❧❛ ✢❡①✐❜✐❧✐té ❞❡ ❧✬❆❉◆ ❡♥ s♦❧✉t✐♦♥ ❬✽✶❪✳ ❆✐♥s✐✱ ✐❧ ❢❛✉t ✈♦✐r ❧❡s tr♦✐s ❢♦r♠❡s ❝❛♥♦♥✐q✉❡s
❞❡ ❧✬❆❉◆ ❝♦♠♠❡ tr♦✐s ❢❛♠✐❧❧❡s ❞❡ str✉❝t✉r❡s ♣❧✉tôt q✉❡ ❝♦♠♠❡ ❞❡s str✉❝t✉r❡s ✉♥✐q✉❡s✳
❊❧❧❡s s✐❣♥❛❧❡♥t ❞❡s ③♦♥❡s ❞❡ st❛❜✐❧✐té ❞❛♥s ❧✬❡s♣❛❝❡ ❝♦♥❢♦r♠❛t✐♦♥♥❡❧ très ❝♦♠♣❧❡①❡ ❞❡
❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡✳ ❆ ❝❡s ❢❛♠✐❧❧❡s ❝❛♥♦♥✐q✉❡s✱ s✬❛❥♦✉t❡ ✉♥❡ sér✐❡ ❞❡ str✉❝t✉r❡s ✐rré❣✉❧✐èr❡s
t❡❧❧❡s ❧❡s tr✐♣❧❡s ♦✉ q✉❛❞r✉♣❧❡s ❤é❧✐❝❡s✱ ❧❡s ❆❉◆ ❝r✉❝✐❢♦r♠❡s ❬✽✶✱ ✶✶✻❪ ❡t ❧❡s ✓ ❢❡r♠❡t✉r❡s
é❝❧❛✐r ✔ ❞✬❛❞é♥✐♥❡s ❬✶✼✸❪✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ t♦✉t❡s ❧❡s str✉❝t✉r❡s ✐rré❣✉❧✐èr❡s✱ ❛✐♥s✐ q✉❡
❧❡s ❢♦r♠❡s ❆ ❡t ❩ s♦♥t ❣é♥ér❛❧❡♠❡♥t ♠♦✐♥s st❛❜❧❡s q✉❡ ❧✬❆❉◆ ❇ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s
♣❤②s✐♦❧♦❣✐q✉❡s✳ ▲❡✉r rô❧❡ ❜✐♦❧♦❣✐q✉❡ ❡st ✉♥ s✉❥❡t ❞✬ét✉❞❡ très ❛❝t✐❢ ❝❛r s❛ ❝♦♠♣ré❤❡♥✲
s✐♦♥ ❡st ❡ss❡♥t✐❡❧❧❡ ♣♦✉r ❝❛r❛❝tér✐s❡r ❝♦♠♣❧èt❡♠❡♥t ❧❡s ❢♦♥❝t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ❞❡ ❧✬❆❉◆✳
P❛r♠✐ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ❞é❢♦r♠❛t✐♦♥s✱ ❧❛ ❝♦✉r❜✉r❡ ✐♥tr✐♥sèq✉❡ ❞❡ ❧✬❆❉◆ ❥♦✉❡ ✉♥ rô❧❡
✐♠♣♦rt❛♥t ❞❛♥s ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ s♣é❝✐✜q✉❡ ❆❉◆ ✲ ♣r♦té✐♥❡✳
❈❤❛♣✐tr❡ ✸
❙✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡
❙✐ ❧❛ ♠é❝❛♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛ ❧♦♥❣t❡♠♣s été ❧❛ ♣❛♥❛❝é❡ ❞❡s r❡♣rés❡♥t❛t✐♦♥s ♥✉♠é✲
r✐q✉❡s ♣♦✉r ❧❡s ♠♦❞è❧❡s ❛t♦♠✐q✉❡s✱ ❡❧❧❡ ét❛✐t ❧✐♠✐té❡ ❡♥ ♣r❛t✐q✉❡ ♣❛r ❧❡s ♣❡r❢♦r♠❛♥❝❡s
❞❡s ♦r❞✐♥❛t❡✉rs✳ ❉❡♣✉✐s ❧❡ ❞é❜✉t ❞❡s ❛♥♥é❡s ✾✵ ❡t ❧❛ ♣r♦❣r❡ss✐✈❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ♣❡r✲
❢♦r♠❛♥❝❡s ❞❡s ♣r♦❝❡ss❡✉rs ✸✷✲❜✐ts é❝♦♥♦♠✐q✉❡s✱ ❝❡❧❧❡✲❝✐ ❛ ❧❛✐ssé ♣❧❛❝❡ à ❧❛ ❞②♥❛♠✐q✉❡
♠♦❧é❝✉❧❛✐r❡✳ ■❧ ❡st ❛❝t✉❡❧❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞❡ ré❛❧✐s❡r ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é✲
❝✉❧❛✐r❡ ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞❡ ♥❛♥♦s❡❝♦♥❞❡s✱ é❝❤❡❧❧❡ ❞❡ t❡♠♣s ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❧❡s ❝♦♥❢♦r✲
♠❛t✐♦♥s st❛t✐q✉❡s ✐ss✉❡s ❞❡s str✉❝t✉r❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❡t ❝❡❧❧❡s ❞②♥❛♠✐q✉❡s ✐ss✉❡s
❞❡s str✉❝t✉r❡s ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘▼◆✳ ❏❡ ❞ét❛✐❧❧❡r❛✐s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ❱ ❧❡s ♣♦ss✐❜✐❧✐tés
❡t ❧✐♠✐t❡s ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✬❆❉◆ ♣❧❛t✐♥és✳
✸✳✶ ▼ét❤♦❞♦❧♦❣✐❡ ❞❡ ❧❛ ❉②♥❛♠✐q✉❡ ▼♦❧é❝✉❧❛✐r❡
▲❡ ❢♦r♠❛❧✐s♠❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ✉t✐❧✐s❡ ❧❛ s❡❝♦♥❞❡ ❧♦✐ ❞❡ ◆❡✇t♦♥ ✭éq✳
✸✳✶✮ ♣♦✉r ❞é❝r✐r❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✿
−→
Fi = mi.
−→ai ✭✸✳✶✮
✕
−→
Fi ❡st ❧❡ ✈❡❝t❡✉r ❢♦r❝❡ ❛❣✐ss❛♥t s✉r ❧✬❛t♦♠❡ ✐ ❀
✕ mi ❡st ❧❛ ♠❛ss❡ ❞❡ ❧✬❛t♦♠❡ ✐ ❀
✕ −→ai ❡st ❧❡ ✈❡❝t❡✉r ❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧✬❛t♦♠❡ ✐✳
❈♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧✬éq✉❛t✐♦♥ ❞❡ ◆❡✇t♦♥✱ ❧❛ ✈✐t❡ss❡ ❡t ❧❡ s❡♥s ❞✉ ♠♦✉✈❡♠❡♥t ❛t♦♠✐q✉❡
❞é♣❡♥❞❡♥t ❞❡s ❢♦r❝❡s q✉✐ s✬❡①❡r❝❡♥t ❡♥tr❡ ❧❡s ❛t♦♠❡s✳ ❆✉ ❞é❜✉t ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ✉♥❡
✈✐t❡ss❡ ✐♥✐t✐❛❧❡ ♣r♦♣r❡ ❡st ❛ttr✐❜✉é❡ ❛✉① ❛t♦♠❡s✱ ♣♦✉r s❡ ❝♦♥❢♦r♠❡r à ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡
t♦t❛❧❡ ❞✉ s②stè♠❡✳ ❈❡tt❡ é♥❡r❣✐❡ ❞é♣❡♥❞ ❡❧❧❡✲♠ê♠❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞é✲
s✐ré❡✳ ❊❧❧❡ ❡st ❤❛❜✐t✉❡❧❧❡♠❡♥t ♦❜t❡♥✉❡ ❡♥ é❧❡✈❛♥t ❧❡♥t❡♠❡♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞✬✉♥ s②stè♠❡
♠♦❧é❝✉❧❛✐r❡ ♣❧❛❝é ✐♥✐t✐❛❧❡♠❡♥t ❛✉ ③ér♦ ❛❜s♦❧✉ ❡t ❡♥ ❛♠❡♥❛♥t ❛✐♥s✐ ♣r♦❣r❡ss✐✈❡♠❡♥t ❧❡s
❛t♦♠❡s q✉✐ ❧❡ ❝♦♥st✐t✉❡♥t à ❧✬é♥❡r❣✐❡ ❞✬éq✉✐❧✐❜r❡✳ ▲❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣❡r♠❡t ❞❡
✷✾
✸✵ ❈❍❆P■❚❘❊ ✸✳ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
❝❛❧❝✉❧❡r ❧❛ ❢♦r❝❡ ❡①❡r❝é❡ s✉r ❝❤❛q✉❡ ❛t♦♠❡ ❡t ❞❡ ❞ét❡r♠✐♥❡r ❞✐✛ér❡♥t❡s ✐♥❢♦r♠❛t✐♦♥s ❧✐é❡s
à ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝❡tt❡ ❞♦♥♥é❡ ✭✈✐t❡ss❡ ❡t ♣♦s✐t✐♦♥ ❞❡s ❛t♦♠❡s ♣❡♥❞❛♥t ✉♥ ✐♥t❡r✈❛❧❧❡
❞❡ t❡♠♣s s♣é❝✐✜q✉❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡ ✶ à ✶✵✵✵ ❢s s✉✐✈❛♥t ❧❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s✮✳
▲❛ ❢♦r❝❡ Fi q✉✐ s✬❡①❡r❝❡ s✉r ✉♥ ❛t♦♠❡ ✐ s❡ tr♦✉✈❛♥t ❡♥ ♣♦s✐t✐♦♥ ri(t) ❡st ❞ét❡r♠✐♥é❡
♣❛r ❞✐✛ér❡♥❝✐❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ri(t)
✭éq✳ ✸✳✷✮ ✿
−→
Fi = −d
−→
E (ri, ..., rn)
dri(t)
✭✸✳✷✮
▲✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ t♦t❛❧❡ ❞✉ s②stè♠❡✱ ❊✭r✮✱ s❡ ❝❛❧❝✉❧❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡s t❡❝❤♥✐q✉❡s
❞❡ ♠é❝❛♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♦✉ ❞❡ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡✳ ▲❛ ♠é❝❛♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♥❡ ♣❡r✲
♠❡t ❞❡ ❝❛❧❝✉❧❡r ❧✬é♥❡r❣✐❡ q✉❡ ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ♥✬✐♥❞✉✐s❛♥t ♣❛s ❞❡ ♠♦❞✐✜❝❛t✐♦♥s
✐♠♣♦rt❛♥t❡s ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ✭❡① ✿ r✉♣t✉r❡✴❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥✮✳ ▲❛
❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ❞♦♥♥❡ ✉♥❡ ✈❛❧❡✉r ❞❡ ❧✬é♥❡r❣✐❡ ♣❡r♠❡tt❛♥t ❞✬ét✉❞✐❡r ❞❡s ♣r♦❝❡ss✉s
❞②♥❛♠✐q✉❡s ❡♥tr❛✐♥❛♥t ❞❡s ❝❤❛♥❣❡♠❡♥ts ❝❤✐♠✐q✉❡s ♠❛✐s ❝❡tt❡ ❛♣♣❧✐❝❛t✐♦♥ ❡st ❞✬✉t✐❧✐✲
s❛t✐♦♥ ❧✐♠✐té❡ ✭❝♦♠♣t❡✲t❡♥✉ ❞❡ ❧❛ ❞✉ré❡ ❞❡s ❝❛❧❝✉❧s ♥é❝❡ss❛✐r❡s à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛
❢♦♥❝t✐♦♥ é♥❡r❣✐❡✮✳
▲❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣❡r♠❡t ❞✬ét✉❞✐❡r ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡s ❛t♦♠❡s à ♣❛rt✐r ❞❡
❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❢♦r❝❡s s✬❡①❡rç❛♥t s✉r ❝❤❛q✉❡ ❛t♦♠❡ ❡t ❞❡s ♠❛ss❡s ❛t♦♠✐q✉❡s✳ P♦✉r
❧✬❡♥s❡♠❜❧❡ ❞❡s ❛t♦♠❡s ❞é✜♥✐ss❛♥t ✉♥❡ str✉❝t✉r❡ ♠♦❧é❝✉❧❛✐r❡✱ ❧✬éq✉❛t✐♦♥ ❞❡ ◆❡✇t♦♥ s✉✐✲
✈❛♥t❡ ❡st ✈ér✐✜é❡ ✭éq✳ ✸✳✸✮ ✿
−→
Fi = mi
d2ri(t)
dt2
✭✸✳✸✮
❈❡♣❡♥❞❛♥t ♣❛r s✉✐t❡ ❞✬✉♥ ❞é❢❛✉t ❞❡ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡✱ ❧❡s tr❛❥❡❝t♦✐r❡s ♥❡ s♦♥t
♣❛s ❞✐r❡❝t❡♠❡♥t ❞ét❡r♠✐♥é❡s ♣❛r rés♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ◆❡✇t♦♥ ♣ré❝é❞❡♥t❡✳ ❯♥❡
❛♣♣r♦❝❤❡ ❞✐✛ér❡♥t❡ ❡st ✉t✐❧✐sé❡✳ ❊❧❧❡ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ✿
✕ ❧❡s ❛❝❝é❧ér❛t✐♦♥s ❛t♦♠✐q✉❡s à ♣❛rt✐r ❞❡s ❢♦r❝❡s s✬❡①❡rç❛♥t s✉r ❝❤❛q✉❡ ❛t♦♠❡ ❡t ❞❡s
♠❛ss❡s ❛t♦♠✐q✉❡s ❀
✕ ❧❡s ✈✐t❡ss❡s ❞❡ ❝❤❛q✉❡ ❛t♦♠❡ à ♣❛rt✐r ❞❡ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❛❝❝é❧ér❛t✐♦♥s ❛t♦✲
♠✐q✉❡s ✭éq✳ ✸✳✹✮ ✿
−→ai = d
−→vi
dt
✭✸✳✹✮
✕ ❧❡s ♣♦s✐t✐♦♥s ❞❡s ❛t♦♠❡s à ♣❛rt✐r ❞❡s ✈✐t❡ss❡s ❛t♦♠✐q✉❡s ✭éq✳ ✸✳✺✮ ✿
−→vi = d
−→ri
dt
✭✸✳✺✮
▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡s éq✉❛t✐♦♥s s❡ ❢❛✐t ❡♥ s✉❜❞✐✈✐s❛♥t ❧❛ tr❛❥❡❝t♦✐r❡ ❡♥ ✉♥❡ sér✐❡ ❞✬ét❛ts
❞✐s❝r❡ts sé♣❛rés ♣❛r ❞❡s ✐♥t❡r✈❛❧❧❡s ❞❡ t❡♠♣s très ❝♦✉rts ❞♦♥t ❧❛ ❧♦♥❣✉❡✉r ❞é✜♥✐t ❧❡ ♣❛s
❞✬✐♥té❣r❛t✐♦♥ δt✳ ▲❡ ❞é♣❧❛❝❡♠❡♥t ❞✬✉♥ ❛t♦♠❡ ♣❡♥❞❛♥t ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s δt ❡st ❛✐♥s✐
✸✳✷✳ ❙■▼❯▲❆❚■❖◆ ❊◆ ❙❖▲❱❆◆❚ ❊❳P▲■❈■❚❊ ✸✶
❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ✭éq✳ ✸✳✻✮ ✿
−→ri (t+ δt)−−→ri (t) = d
−→ri (t∗)
dt
∆t = −→vi (t∗)∆t ✭✸✳✻✮
▲❛ ✈❛❧❡✉r ❞❡ ❧✬✐♥st❛♥t t✯ ❢♦✉r♥✐❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❱❡r❧❡t❬✶✾✸❪ ❡st ❧❡ ♠✐❧✐❡✉ ❞❡ δt ❡t
♥♦♥ (t + δt
2
) ❝❛r ❧❛ ✈✐t❡ss❡ ♥✬❡st ♣❛s ❝♦♥st❛♥t❡ s✉r ❝❡t ✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s✳ ■❧ ❡st ❛❧♦rs
♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧✬❛❝❝é❧ér❛t✐♦♥ à ♣❛rt✐r ❞❡ ❧❛ s❡❝♦♥❞❡ ❧♦✐ ❞❡ ◆❡✇t♦♥ ❡t ❧❛ ✈✐t❡ss❡
♣r♦♣r❡ à ❝❤❛q✉❡ ❛t♦♠❡ ✭éq✳ ✸✳✼✮ ✿
−→vi (t+ ∆t
2
) = −→vi (t− ∆t
2
) +−→ai (t)∆t ✭✸✳✼✮
▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❛t♦♠❡ à ❧✬❛✐❞❡ ❞❡
❧✬éq✉❛t✐♦♥ ♣ré❝é❞❡♠♠❡♥t é♥♦♥❝é❡ à ❧✬✐♥st❛♥t (t+ δt)✳ ▲❛ ré♣ét✐t✐♦♥ ❞❡ ❝❡tt❡ ♣r♦❝é❞✉r❡
à ❞❡s ✐♥t❡r✈❛❧❧❡s ❞❡ t❡♠♣s ❞✐s❝r❡ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❛❜♦✉t✐t à ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡
❧❛ tr❛❥❡❝t♦✐r❡ ✭t❛❜❧❡❛✉ ✸✳✶✮✳
❚❡♠♣s t− δt
2
t t+ δt
2
t+ δt t+ 3δt
2
P♦s✐t✐♦♥s ri(t) ri(t+ δt)
❱✐t❡ss❡s vi(t− δt2 ) vi(t+ δt2 ) vi(t+ 3δt2 )
❋♦r❝❡s Fi(t) Fi(t+ δt)
❚❛❜✳ ✸✳✶ ✕ ❉ér♦✉❧❡♠❡♥t ❞✉ ❝❛❧❝✉❧ ❞✬✉♥ ♣❛s ❞✬✐♥té❣r❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
◆♦t♦♥s q✉❡ ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é✲
❝✉❧❛✐r❡ s❡r❛ ❞✐r❡❝t❡♠❡♥t ❧✐é❡ à ❞❡✉① é❧é♠❡♥ts ✿
✕ ✜❛❜✐❧✐té ❞❡s ♣♦t❡♥t✐❡❧s ❀
✕ ✈❛❧❡✉r ❞♦♥♥é❡ ❛✉ ♣❛s ❞✬✐♥té❣r❛t✐♦♥ δt ✿ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s ❝❤♦✐s✐ ❞❡✈r❛ êtr❡
♣❧✉s ♣❡t✐t q✉❡ ❧❛ ♣ér✐♦❞❡ ❞✉ ♠♦✉✈❡♠❡♥t ❞❡ ❧❛ ♣❧✉s ❤❛✉t❡ ❢réq✉❡♥❝❡✳ ❙♦♥ ♦r❞r❡ ❞❡
❣r❛♥❞❡✉r ❡st ❞❡ ✶ ❢s✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ s✐♠✉❧❡r ❝♦rr❡❝t❡♠❡♥t ❧❡s ♠♦✉✈❡♠❡♥ts ❞❡
✈✐❜r❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s ❤②❞r♦❣è♥❡s✳
✸✳✷ ❙✐♠✉❧❛t✐♦♥ ❡♥ s♦❧✈❛♥t ❡①♣❧✐❝✐t❡
❉❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❡♥ s♦❧✈❛♥t ❡①♣❧✐❝✐t❡ ✭❝✬❡st✲à✲❞✐r❡ q✉✐ ❝♦♥t✐❡♥t ✉♥❡
❞❡s❝r✐♣t✐♦♥ ♣♦♥❝t✉❡❧❧❡ ❞❡s ✐♦♥s ❡t ♠♦❧é❝✉❧❡s ❞✬❡❛✉✮✱ ❧❡ ❝❛❧❝✉❧ ❞❡s ❢♦r❝❡s ❞❡✈✐❡♥t ✈✐t❡
♣r♦❤✐❜✐t✐❢ ❡♥ r❡ss♦✉r❝❡s ✐♥❢♦r♠❛t✐q✉❡s✳
P♦✉r ❝♦♥s❡r✈❡r ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s rés✉❧t❛ts t♦✉t ❡♥ ❞✐♠✐♥✉❛♥t ❧✬é♥♦r♠❡ ♣✉✐ss❛♥❝❡ ❞❡
❝❛❧❝✉❧ ♥é❝❡ss❛✐r❡✱ ❞❡✉① ♠ét❤♦❞❡s ❝❧és ♦♥t été ❞é✈❡❧♦♣♣é❡s✳
✸✷ ❈❍❆P■❚❘❊ ✸✳ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
✸✳✷✳✶ ❈♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s ❡t s❡✉✐❧ ❞❡ ❝❛❧❝✉❧
▲❡ tr❛✐t❡♠❡♥t ❝♦rr❡❝t ❞❡s ✐♥t❡r❛❝t✐♦♥s à ❧♦♥❣✉❡ ❞✐st❛♥❝❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②✲
♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡st ❞✐✣❝✐❧❡ à ❝❛✉s❡ ❞✉ ❝❛r❛❝tèr❡ à ❧♦♥❣✉❡ ❞✐st❛♥❝❡ ✭1
r
✮ ❞✉ ♣♦t❡♥t✐❡❧
❞❡ ❈♦✉❧♦♠❜✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❛❝t✉❡❧❧❡s✱ ✐❧ ❡st ❛✐♥s✐ ♥é❝❡ss❛✐r❡ ❞✬✉t✐❧✐s❡r ✉♥ ✓ s❡✉✐❧
❞❡ ❝❛❧❝✉❧ ✔ ♦✉ ✓ ❝✉t♦✛ ✔ q✉✐ ❧✐♠✐t❡ ❡♥tr❡ ✽ ❡t ✶✻ ➴ ❧❛ ❞✐st❛♥❝❡ ❛✉✲❞❡❧à ❞❡ ❧❛q✉❡❧❧❡
❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ✉♥ ❛t♦♠❡ ❡t s❡s ✈♦✐s✐♥s ♥❡ s♦♥t ♣❛s ❝❛❧❝✉❧é❡s✳ ❚♦✉t❡❢♦✐s✱ ❝❡ s❡✉✐❧
❞❡ ❝❛❧❝✉❧ ❡♥❣❡♥❞r❡r❛✐t ❞❡ ❣r❛✈❡s ❞✐st♦rs✐♦♥s ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❝♦rr❡❝t ❞❡s ✐♥t❡r❛❝t✐♦♥s
s✬✐❧ ♥✬ét❛✐t ♣❛s ❝♦rr✐❣é ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s✳
❈♦♥s✐❞ér♦♥s ◆ ❛t♦♠❡s ❞❡ ❝❤❛r❣❡ ♣♦♥❝t✉❡❧❧❡ q1✱ q2✱ ✳✳✳✱ qN s✐t✉és ❛✉① ♣♦s✐t✐♦♥s r1✱
r2✱ ✳✳✳✱ rN ❞❛♥s ❧❛ ❜♦✐t❡ ❝❡♥tr❛❧❡ ❯ ❞❡ ❝ôté ▲ ✭❧❛ ❜♦✐t❡ ❡st s✉♣♣♦sé❡ ❝✉❜✐q✉❡ ♣♦✉r ❧❛
❞é♠♦♥str❛t✐♦♥✮✱ ❧✬❡♥s❡♠❜❧❡ ét❛♥t ♥❡✉tr❡ é❧❡❝tr✐q✉❡♠❡♥t✳ ▲✬é♥❡r❣✐❡ é❧❡❝tr♦st❛t✐q✉❡ t♦t❛❧❡
✭❝♦✉❧♦♠❜✐❡♥♥❡✮ ❞❡ ❧❛ ❜♦✐t❡ ❯ ❛✐♥s✐ q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❛ ❜♦✐t❡ ❝❡♥tr❛❧❡ ❡t t♦✉t❡s
❧❡s ✐♠❛❣❡s ✭❝♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s✮ ❡st ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✸✳✽ ✿
E(r1, r2, ..., rN) =
1
2
∞ ∗∑
|n|=0
N∑
i=1
N∑
j=1
qiqj
4πεrε0|rij + n| ✭✸✳✽✮
▲❡ ✈❡❝t❡✉r ♥ ❡st ❞é✜♥✐ ♣❛r n = (nxL, nyL, nzL) ❡t ❧❡ s②♠❜♦❧❡ ✓ ✯ ✔ s✉r ❧❛ ♣r❡♠✐èr❡
s♦♠♠❡ ✐♥❞✐q✉❡ q✉❡ ❧❡s t❡r♠❡s ❝♦rr❡s♣♦♥❞❛♥t à ✐❂❥ s♦♥t ♦♠✐s q✉❛♥❞ ♥❂✵✳ ❊♥ ❢❛✐t✱ à
❝❛✉s❡ ❞✉ ❝❛r❛❝tèr❡ ❧♦♥❣✉❡ ❞✐st❛♥❝❡ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❈♦✉❧♦♠❜ ✭1
r
✮✱ ❝❛❧❝✉❧❡r ❧❛ s♦♠♠❡
❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ❞❡✈✐❡♥t ✐♥❛♣♣❧✐❝❛❜❧❡✳ ▲✬❛st✉❝❡ ♣♦✉r ❝♦♥t♦✉r♥❡r ❝❡ ♣r♦❜❧è♠❡ ❡st ❞❡
❝♦✉♣❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥ ❞❡✉① t❡r♠❡s ✭éq✉❛t✐♦♥ ✸✳✾✮ ✿
1
r
=
f(r)
r
+
1− f(r)
r
✭✸✳✾✮
▲❡ ❜✉t ❡st ❞♦♥❝ ❞❡ tr♦✉✈❡r ✉♥❡ ❢♦♥❝t✐♦♥ ❢✭r✮ ❛♣♣r♦♣r✐é❡✱ ❧❛q✉❡❧❧❡ ♣❡✉t tr❛✐t❡r ❧❡s
✈❛r✐❛t✐♦♥s r❛♣✐❞❡s ❞❡ 1
r
♣♦✉r ❞❡s ❞✐st❛♥❝❡s ♣❡t✐t❡s ✭r ♣❡t✐t✮ ❡t ❧❡s ✈❛r✐❛t✐♦♥s ❧❡♥t❡s ❞❡ 1
r
♣♦✉r ❧❡s ❧♦♥❣✉❡s ❞✐st❛♥❝❡s ✭r ❣r❛♥❞✮✳ ❈❡❧❛ ✈❡✉t ❞✐r❡ q✉❡ ❧❡ ♣r❡♠✐❡r t❡r♠❡ f(r)
r
❞❡✈r❛✐t
êtr❡ ♥é❣❧✐❣❡❛❜❧❡ ❛✉✲❞❡❧à ❞✬✉♥ ❝❡rt❛✐♥ s❡✉✐❧ rmax ❡t q✉❡ ❧❡ ❞❡✉①✐è♠❡ t❡r♠❡ ❞❡✈r❛✐t ❝❤❛♥❣❡r
❧❡♥t❡♠❡♥t ♣♦✉r t♦✉t❡ ✈❛❧❡✉r ❞❡ r ♣❡r♠❡tt❛♥t ❛✐♥s✐ ✉♥ ❝❛❧❝✉❧ ❡✣❝❛❝❡✱ ❞❛♥s ❧✬❡s♣❛❝❡
ré❝✐♣r♦q✉❡✱ ❞❡ s❛ ❝♦♥tr✐❜✉t✐♦♥ ❛✉ ♣♦t❡♥t✐❡❧ é❧❡❝tr♦st❛t✐q✉❡✳
▲❛ ♠ét❤♦❞❡ ❞✐t❡ ✓ s♦♠♠❡ ❞✬❊✇❛❧❞ ✔❬✻✶❪ ❛ été ✐♥tr♦❞✉✐t❡ ❡♥ ✶✾✷✶ ❝♦♠♠❡ ✉♥❡ t❡❝❤✲
♥✐q✉❡ ♣♦✉r ❝❛❧❝✉❧❡r ❡✣❝❛❝❡♠❡♥t ❧❛ s♦♠♠❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s ❡♥tr❡ ❧❡s
♣❛rt✐❝✉❧❡s ❞✬✉♥ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s✳
❈❡tt❡ ♠ét❤♦❞❡ ❝❛❧❝✉❧❡ ❧✬é♥❡r❣✐❡ é❧❡❝tr♦st❛t✐q✉❡ ❝♦✉❧♦♠❜✐❡♥♥❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s
♣ér✐♦❞✐q✉❡s ❡♥ ❧❛ s♦♠♠❡ ❞❡ tr♦✐s t❡r♠❡s ❞❡ r❛♣✐❞❡ ❝♦♥✈❡r❣❡♥❝❡ ✿
✕ ❧❛ s♦♠♠❡ ❞✐r❡❝t❡ q✉✐ ❡st ✉♥❡ s♦♠♠❡ s✉r ❧✬❡s♣❛❝❡ ré❡❧✱
✕ ❧❛ s♦♠♠❡ ré❝✐♣r♦q✉❡ ✭✐♠❛❣✐♥❛✐r❡ ♦✉ ❞❡ ❋♦✉r✐❡r✮✱
✕ ❧❛ s♦♠♠❡ ❞❡ ❝♦rr❡❝t✐♦♥ q✉✐ ❡st ✉♥❡ ❝♦♥st❛♥t❡ ❞❡ ❝♦rr❡❝t✐♦♥✳
✸✳✷✳ ❙■▼❯▲❆❚■❖◆ ❊◆ ❙❖▲❱❆◆❚ ❊❳P▲■❈■❚❊ ✸✸
❈❡s tr♦✐s s♦♠♠❡s s♦♥t ♣rés❡♥té❡s ❞❛♥s ❧❡s éq✉❛t✐♦♥s ✸✳✶✵✱ ✸✳✶✶✱ ✸✳✶✷✱ ✸✳✶✸ ✿
Edirecte(r1, r2, ..., rN) =
1
2
∞∑
|n|=0
N∑
i=1
N∑
j=1
qiqj
4πεrε0
erfc(α|rij + n|
|rij + n| ✭✸✳✶✵✮
α ❡st ✉♥❡ ❝♦♥st❛♥t❡ ❛r❜✐tr❛✐r❡ q✉✐ ❞ét❡r♠✐♥❡ ❧❡ r❛♣♣♦rt r❡❧❛t✐❢ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❡♥tr❡
❧❡s s♦♠♠❡s ❞✐r❡❝t❡ ❡t ré❝✐♣r♦q✉❡✳
erfc(x) =
2√
π
∫ ∞
x
exp(−t2)dt ✭✸✳✶✶✮
Ereciproque(r1, r2, ..., rN) =
1
2
∑
k 6=0
N∑
i=1
N∑
j=1
qiqj
4πεrε0
4π2
k2
exp
(
− k
2
kα2
)
cos(k.rij) ✭✸✳✶✷✮
Ecorrection = − α√
π
N∑
j=1
q2i
4πεrε0
✭✸✳✶✸✮
▲✬❛❧❣♦r✐t❤♠❡ ♦r✐❣✐♥❛❧ ❞✬❊✇❛❧❞ ❝♦♥s♦♠♠❡ ✉♥ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ♣r♦♣♦rt✐♦♥♥❡❧ à ◆2✱
♦ù ◆ ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ❞✉ s②stè♠❡ ét✉❞✐é✳ ❉❡s ❛♣♣r♦①✐♠❛t✐♦♥s ❜❛sé❡s s✉r
❞❡s s❡✉✐❧s ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ tr❛♥s❢♦r♠é❡s r❛♣✐❞❡s ❞❡ ❋♦✉r✐❡r ♣❡r♠❡tt❡♥t ❞✬❛rr✐✈❡r ❛✉①
t❡♠♣s ❞❡ ❝❛❧❝✉❧ ❡♥ ◆✳❧♦❣✭◆✮✳ ▲❛ ♠ét❤♦❞❡ P▼❊ ✭P❛rt✐❝❧❡ ▼❡s❤ ❊✇❛❧❞✮ ❡st ❧✬✉♥ ❞❡s
❛❧❣♦r✐t❤♠❡s ✉t✐❧✐s❛♥t ❝❡s ❛♣♣r♦①✐♠❛t✐♦♥s ❬✹✽❪✳
❉❛♥s ❧❛ ♠ét❤♦❞❡ P▼❊✱ ❧❛ s♦♠♠❡ ❞✐r❡❝t❡ ❡st é✈❛❧✉é❡ ❡①♣❧✐❝✐t❡♠❡♥t ❡♥ ✉t✐❧✐s❛♥t ✉♥
s❡✉✐❧ ❞❡ ✽ à ✶✵ ➴ t❛♥❞✐s q✉❡ ❧❛ s♦♠♠❡ ré❝✐♣r♦q✉❡ ❡st ❛♣♣r♦①✐♠é❡✱ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡
❞❡s tr❛♥s❢♦r♠é❡s r❛♣✐❞❡s ❞❡ ❋♦✉r✐❡r ✭❋❋❚ ✿ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠s✮✱ à ✉♥❡ ❣r✐❧❧❡ ♦ù ❧❡s
❝❤❛r❣❡s s♦♥t ✐♥t❡r♣♦❧é❡s ❛✉① ♣♦✐♥ts ❞❡ ❧❛ ❣r✐❧❧❡ ❡♥ ✉t✐❧✐s❛♥t ❧❛ t❡❝❤♥✐q✉❡ ❞✬✐♥t❡r♣♦❧❛t✐♦♥
❞✐t❡ ✓ ❇✲s♣❧✐♥❡ ✔✳ ❈✬❡st ❧✬❡✣❝❛❝✐té ❡t ❧✬❡①❛❝t✐t✉❞❡ ❞✉ ❝❛❧❝✉❧ ❞❡ ❧❛ s♦♠♠❡ ré❝✐♣r♦q✉❡
q✉✐ ❞♦♥♥❡ à P▼❊ s♦♥ ❛✈❛♥t❛❣❡ ✐♥❢♦r♠❛t✐q✉❡✳ ●râ❝❡ à ❝❡tt❡ ♠ét❤♦❞❡✱ ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡
❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❞❡ s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s ✭❆❉◆✱ ❆❘◆✱ ♣r♦té✐♥❡s✱ ❡t❝✳✮ ♣❡✉✈❡♥t✱
❞❡♣✉✐s ✉♥❡ ❞é❝❡♥♥✐❡ ❞♦♥♥❡r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❝♦❤ér❡♥t❡ ❞❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①
❬✼✱ ✸✵✱ ✸✶✱ ✸✷✱ ✸✸✱ ✸✹✱ ✶✻✻❪
✸✳✷✳✷ ❘❡str✐❝t✐♦♥s s✉r ❧❛ ❧♦♥❣✉❡✉r ❞❡s ❧✐❛✐s♦♥s
▲❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣❧✉s r❛♣✐❞❡ ❛♠♣❧✐t✉❞❡ ❡st ❧❛ ✈✐❜r❛t✐♦♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡s ❧✐❛✐s♦♥s
❤②❞r♦❣è♥❡s✳ ❙♦♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ét❛♥t ❞❡ ✶ ❢s ✭✶✵−15 s✮✱ ❝❡tt❡ ❞✉ré❡ ❡st ❞♦♥❝ ❧❡
♣❛s ❞✬✐♥té❣r❛t✐♦♥ ♠✐♥✐♠✉♠ ♥é❝❡ss❛✐r❡ ♣♦✉r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❝♦rr❡❝t❡ ❞❡s ❢♦r❝❡s ❧♦rs
❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ❆✜♥ ❞✬❛❝❝é❧ér❡r ❧❡s ❝❛❧❝✉❧s✱ ❇❡r❡♥❞s❡♥ ❡t
s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t r❡str❡✐♥t ❧❛ ♠♦❜✐❧✐té ❞❡ ❝❡s ❧✐❛✐s♦♥s ❬✶✻✹❪✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬✉t✐❧✐s❡r
✉♥ ♣❛s ❞✬✐♥té❣r❛t✐♦♥ ❞❡ ✷❢s ❛✉ ❧✐❡✉ ❞❡ ✶❢s✱ ❞✐✈✐s❛♥t ♣❛r ❞❡✉① ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ♥é❝❡ss❛✐r❡✳
✸✹ ❈❍❆P■❚❘❊ ✸✳ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
❈❡tt❡ ❝♦♥tr❛✐♥t❡ ❛ss♦❝✐é❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❞❡ t②♣❡ ❚■P✸P ❬✶✵✵❪✱
❞♦♥t ❧❡ r❛②♦♥ ❞❡ ❱❛♥ ❞❡r ❲❛❧❧s ❞❡s ❤②❞r♦❣è♥❡s ❡st ♥✉❧✱ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝❡s ❞❡r♥✐èr❡s
❝♦♠♣❧èt❡♠❡♥t r✐❣✐❞❡s ❡t ❛ss✐♠✐❧❛❜❧❡s ❛✉ ❞✐❛♠ètr❡ ❞❡ ❧✬♦①②❣é♥❡ s❡✉❧✳ ❈❡tt❡ ❝♦♠❜✐♥❛✐s♦♥
❞❡ s✐♠♣❧✐✜❝❛t✐♦♥ ❡t r✐❣✐❞✐✜❝❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❛q✉❡✉① ♣❡r♠❡t ❞❡ ❞✐♠✐♥✉❡r ❧❡ ♥♦♠❜r❡ ❞❡
❝❛❧❝✉❧s à ❡✛❡❝t✉❡r✳
✸✳✸ ▲❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❞✬❆▼❇❊❘
❆▼❇❊❘ ❬✹✼✱ ✷✵✵❪ ✉t✐❧✐s❡ ✉♥ ♠♦❞è❧❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ❞✐t ✓ t♦✉t ❛t♦♠❡ ✔
✭✓ ❛❧❧✲❛t♦♠s ❢♦r❝❡ ✜❡❧❞ ✔✮✱ t♦✉t❡s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❛t♦♠❡s ✭❧♦♥❣✉❡✉r ❞❡s ❧✐❛✐s♦♥s
✐♥t❡r✲❛t♦♠✐q✉❡s✱ ❝❤❛r❣❡ ❞❡s ❛t♦♠❡s✱ ❛♥❣❧❡s ❞❡ ✈❛❧❡♥❝❡ ❡t ❞❡ t♦rs✐♦♥✱ ❝♦♥st❛♥t❡ ❞❡ ❢♦r❝❡
❞❡s ❧✐❛✐s♦♥s ❛t♦♠❡✲❛t♦♠❡✱ ❝♦♥st❛♥t❡ ❞❡ ré♣✉❧s✐♦♥✲❛ttr❛❝t✐♦♥✮ s♦♥t ❞é❝r✐t❡s ❡①♣❧✐❝✐t❡✲
♠❡♥t ❞❛♥s ✉♥ ❡♥s❡♠❜❧❡ q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡s
✐♥t❡r❛❝t✐♦♥s ✐♥t❡r ❛t♦♠✐q✉❡s ❡st ❡✛❡❝t✉é ❡♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ✸✳✶✹✳
Et♦t❛❧ =
∑
❧✐❛✐s♦♥s
Kr(r − req)2
+
∑
❛♥❣❧❡s
Kθ(θ − θeq)2
+
∑
t♦rs✐♦♥s
Vn
2
[1 + ❝♦s(nφ− γ)]
+
∑
i<j
[
Aij
r12ij
− Bij
r6ij
+
qiqj
ǫrij
]
✭✸✳✶✹✮
▲✬é❧♦♥❣❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s ✭r✮ ❡t ❧❛ ❞✐st♦rs✐♦♥ ❞❡s ❛♥❣❧❡s ❞❡ ✈❛❧❡♥❝❡ ✭θ✮ s♦♥t
❡♥ ❣é♥ér❛❧ ❢❛✐❜❧❡s✱ ❞❡ ❧✬♦r❞r❡ ❞❡ ✵✱✵✺ ➴ ♣♦✉r ❧❡s ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥ ❡t ❞❡ q✉❡❧q✉❡s
❞❡❣rés ♣♦✉r ❧❡s ❛♥❣❧❡s ❞❡ ✈❛❧❡♥❝❡✳ ▲❡s ❢♦♥❝t✐♦♥s ❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ✉t✐❧✐sé❡s ♣♦✉r
❞é❝r✐r❡ ❝❡s ❞é❢♦r♠❛t✐♦♥s s♦♥t ❞❡s ❢♦♥❝t✐♦♥s ♣❛r❛❜♦❧✐q✉❡s ❞✐t❡s ❤❛r♠♦♥✐q✉❡s✱ s✉✐✈❛♥t
❧❛ ❧♦✐ ❞❡ ❍♦♦❦❡✳ ❈❡s ❢♦♥❝t✐♦♥s s♦♥t très ✉t✐❧✐sé❡s ❞❛♥s t♦✉s ❧❡s ❝❤❛♠♣s ❞❡ ❢♦r❝❡ ❡t
s♦♥t ✈❛❧✐❞❡s s✐ ❧❛ ❞é❢♦r♠❛t✐♦♥ ♥✬❡st ♣❛s tr♦♣ ✐♠♣♦rt❛♥t❡ ✭❞❛♥s ❝❡ ❝❛s ✉♥ ♣♦t❡♥t✐❡❧ ❞❡
▼♦rs❡ r❡♣r♦❞✉✐t ♠✐❡✉① ❧✬é♥❡r❣✐❡✮✳ ▲✬✐♥❞✐❝❡ ✓ ❡q ✔ r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❞✬éq✉✐❧✐❜r❡ ❞❡s
♦s❝✐❧❧❛t✐♦♥s ❞❡s ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥ ❡t ❞❡s ❛♥❣❧❡s ❞❡ ✈❛❧❡♥❝❡✳ ▲❡s ❝♦♥st❛♥t❡s Kr ❡t Kθ
s♦♥t ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❢♦r❝❡ ❞ér✐✈é❡s ❞❡ ❧✬❛♥❛❧②s❡ ✈✐❜r❛t✐♦♥♥❡❧❧❡ ❞❡ ♠♦❧é❝✉❧❡s ♠♦❞è❧❡s
✭s♣❡❝tr♦s❝♦♣✐❡ ■❘✱ ❘❛♠❛♥✮ ♦✉ ❞❡s ❝❛❧❝✉❧s ❞❡ ♠♦❞❡s ♥♦r♠❛✉①✳
▲✬é♥❡r❣✐❡ ❞❡ t♦rs✐♦♥ ✭❛♥❣❧❡ ❞✐è❞r❡✮ ❛ss♦❝✐é❡ à ❧❛ r♦t❛t✐♦♥ ✭φ✮ ❛✉t♦✉r ❞✬✉♥❡ ❧✐❛✐✲
s♦♥ ❇❈ ❞é✜♥✐❡ ♣❛r q✉❛tr❡ ❛t♦♠❡s ❝♦♥sé❝✉t✐❢s ❆❇❈❉ ❡st ❡①♣r✐♠é❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡
❢♦♥❝t✐♦♥ ♣ér✐♦❞✐q✉❡ ❞é✈❡❧♦♣♣é❡ ❡♥ sér✐❡ ❞❡ ❋♦✉r✐❡r✳ V n ❡st ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ ✭❜❛r✲
✸✳✹✳ ▼■❙❊ ❊◆ P▲❆❈❊ ❉✬❯◆❊ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊✸✺
r✐èr❡ ❞❡ r♦t❛t✐♦♥✮✱ ♥ ❧❛ ♣ér✐♦❞✐❝✐té ❞❡ ❧❛ r♦t❛t✐♦♥ ❡t γ ❡st ❧✬❛♥❣❧❡ ❞❡ ♣❤❛s❡✳ ▲❡s ❞♦♥♥é❡s
❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s✱ ❧❛ ❘▼◆ ❡t ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ♠✐❝r♦✲♦♥❞❡s ♣❡r♠❡tt❡♥t ❞✬❛❝❝é❞❡r à ❝❡s
tr♦✐s ♣❛r❛♠ètr❡s✳
▲✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❱❛♥ ❞❡r ❲❛❧❧s ❢❛✐t ♣❛rt✐❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♥♦♥ ❧✐é❡s
❞é❝r✐✈❛♥t ❧❛ s♦♠♠❡ ❞❡s é♥❡r❣✐❡ ❞❡s ❢♦r❝❡s ❛ttr❛❝t✐✈❡s ❡t ré♣✉❧s✐✈❡s✳ ▲✬❡①♣r❡ss✐♦♥ ❞❡
❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥s ❞❡ ❱❛♥ ❞❡r ❲❛❛❧s ❡st ❡①♣r✐♠é❡ ❡♥ ❣é♥ér❛❧ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥
♣♦t❡♥t✐❡❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❝♦♥st✐t✉é ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞✐♣♦❧❛✐r❡s ❛ttr❛❝t✐✈❡s ❡♥tr❡ ❞❡✉①
❛t♦♠❡s ✐ ❡t ❥ sé♣❛rés ♣❛r ✉♥❡ ❞✐st❛♥❝❡ r ✭é♥❡r❣✐❡ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❡ ▲♦♥❞♦♥✮ Bij
r6ij
❡t ❞✉
t❡r♠❡ Aij
r12ij
q✉✐ r❡♣rés❡♥t❡ ❧❡s ré♣✉❧s✐♦♥s ❡♥tr❡ ❧❡s ♠ê♠❡s ❛t♦♠❡s à ❝❛✉s❡ ❞❡s r❡❝♦✉✈r❡✲
♠❡♥ts ❞❡s ♥✉❛❣❡s é❧❡❝tr♦♥✐q✉❡s à ❝♦✉rt❡s ❞✐st❛♥❝❡s✳ ▲❡s t❡r♠❡s Aij ❡t Bij s♦♥t ❝♦♥st❛♥ts
♣♦✉r ✉♥ ❝♦✉♣❧❡ ❞✬❛t♦♠❡s ❞♦♥♥é✳
▲❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s ❢♦r♠❡♥t ❧✬❛✉tr❡ ❝♦♠♣♦s❛♥t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s
♥♦♥ ❧✐é❡s✳ ❊❧❧❡s s♦♥t ❝❛❧❝✉❧é❡s ❞✬❛♣rès ❧❛ ❧♦✐ ❞❡ ❈♦✉❧♦♠❜✱ ♦ù ❧❛ ♠♦❧é❝✉❧❡ ❡st ❞é❝r✐t❡
♣❛r ❞❡s ❝❤❛r❣❡s ♣❛rt✐❡❧❧❡s ❝❡♥tré❡s s✉r ❧❡s ❛t♦♠❡s✳ ❈❡s ❝❤❛r❣❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞é✲
t❡r♠✐♥é❡s ♣❛r ❞❡s ❝❛❧❝✉❧s ❛❜ ✐♥✐t✐♦ ♦✉ s❡♠✐✲❡♠♣✐r✐q✉❡s✳ ǫij ❡st ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡
❝♦♠♣t❛♥t ❞❛♥s ❧✬❛tté♥✉❛t✐♦♥ ❞❡ ❧✬✐♥tér❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ♣❛r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✭s♦❧✲
✈❛♥t ♦✉ ♠♦❧é❝✉❧❡ ❡❧❧❡✲♠ê♠❡✮ ❀ qi ❡t qj s♦♥t ❧❡s ❝❤❛r❣❡s ♣❛rt✐❡❧❧❡s ❞❡s ❛t♦♠❡s ❝♦♥❝❡r♥és
♣❛r ❧✬✐♥t❡r❛❝t✐♦♥✳
✸✳✹ ▼✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦✲
❧é❝✉❧❛✐r❡
❆♣rès ❛✈♦✐r ♣rés❡♥té ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛✐♥s✐ q✉❡ s♦♥ ✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❛♥s
❧❛ s✉✐t❡ ❧♦❣✐❝✐❡❧❧❡ ❆▼❇❊❘✱ ✈♦✐❝✐ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ét❛♣❡s ❝❧és ❞❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡
❝❡❧❧❡✲❝✐✳
✸✳✹✳✶ Pré♣❛r❛t✐♦♥ ❞✉ ❝♦♠♣♦sé
◗✉❛♥❞ ✉♥ ❝♦♠♣♦sé ❛ ✉♥❡ ❣é♦♠étr✐❡ ❝❧❛ss✐q✉❡ ✭❆❉◆ ❡t ♣r♦té✐♥❡ ♥❛t✐❢s✮✱ ✐❧ ❡st ♣♦s✲
s✐❜❧❡ ❞✬✉t✐❧✐s❡r ❧❡s ♦✉t✐❧s ❞✬❆▼❇❊❘ ❝♦♠♠❡ ①❧❡❛♣✴▼♦✐❧✲❱✐❡✇ ❬✷✻✱ ✶✼✻❪ ♦✉ ❛♥t❡❝❤❛♠❜❡r
❬✶✾✼❪ q✉✐ ♣❡r♠❡tt❡♥t ❞✬❛✉t♦♠❛t✐s❡r t♦✉t ♦✉ ♣❛rt✐❡ ❞✉ ♣r♦❝❡ss✉s ♣♦✉r ❝ré❡r ❧❛ ❝♦♥❢♦r✲
♠❛t✐♦♥ ❞❡ ❞é♣❛rt ♣♦✉r ❧❛ ❞②♥❛♠✐q✉❡✳
❉❛♥s ❧❡ ❝❛s ❞✉ ❝✐s♣❧❛t✐♥❡✱ q✉✐ ♣r♦✈♦q✉❡ ❞❡s ❞é❢♦r♠❛t✐♦♥s str✉❝t✉r❛❧❡s ✐♠♣♦rt❛♥t❡s
s✉r ❧✬❆❉◆✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣❛rt✐r ❞❡ str✉❝t✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s ♣♦✉r r❡s♣❡❝t❡r ❧❛
❝♦♥❢♦r♠❛t✐♦♥ ✐♥❞✉✐t❡✳ ❆✐♥s✐ ❧❡ ♠♦❞è❧❡ ✐ss✉ ❞❡ ❧✬ét✉❞❡ ❛✉① r❛②♦♥s ❳ ✭✶❆■❖ ❬✶✽✶✱ ✶✽✸❪
♦✉ ✶❈❑❚ ❬✶✸✾❪✮ ❛ été ✉t✐❧✐sé ❝♦♠♠❡ ♣♦✐♥t ❞❡ ❞é♣❛rt✳
❆✜♥ ❞✬♦❜t❡♥✐r ✉♥ ❥❡✉ ❞❡ ❝♦♦r❞♦♥♥é❡s ✉t✐❧✐s❛❜❧❡s ❞❛♥s ❆▼❇❊❘✱ ✐❧ ❢❛✉t ✿
✸✻ ❈❍❆P■❚❘❊ ✸✳ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
✕ ✉♥✐❢♦r♠✐s❡r ❧❡s t②♣❡s ❞✬❛t♦♠❡s ❡♥tr❡ ❧❛ str✉❝t✉r❡ ✐ss✉❡ ❞❡ ❧❛ ♣❞❜ ✭❞♦♥t ❧❡s ♥♦♠s
❞❡s ❛t♦♠❡s ❞✉ s✉❝r❡ ❡st ✐❞❡♥t✐✜é ♣❛r ❧❡ s②♠❜♦❧❡ ✓ ✯ ✔ ✿ ❈2✯ ❛✉ ❧✐❡✉ ❞❡ ✓ ✬ ✔ ✿ ❈2✬
♣♦✉r ❆▼❇❊❘✮ ❀
✕ ❛❥♦✉t❡r ❧❡s ❛t♦♠❡s ❞✬❤②❞r♦❣è♥❡s ❡t ✈ér✐✜❡r ❧❡✉r ❣é♦♠étr✐❡ ✭♣♦✉r é✈✐t❡r ❧❡s ✐♥✈❡r✲
s✐♦♥s ❍′2↔❍′′2✮ ❀
✕ ❡♥❧❡✈❡r ❧❡s ❛t♦♠❡s s✉♣❡r✢✉s ✭❡♥ ❣é♥ér❛❧ ❤étér♦❛t♦♠❡ ❝♦♠♠❡ ❧❡ ❜r♦♠❡✱ ✉t✐❧✐sé ❡♥
❝r✐st❛❧❧♦❣r❛♣❤✐❡✮ ❀
✕ tr❛♥s❢♦r♠❡r ❧❛ séq✉❡♥❝❡ ❞❡ ❧❛ str✉❝t✉r❡ ✐♥✐t✐❛❧❡ ❡♥ séq✉❡♥❝❡ ❝✐❜❧❡ ✭❡♥ ❝❤❛♥❣❡❛♥t
❧❡s ❛t♦♠❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ r❡♠♣❧❛❝❡♠❡♥t ❞✬✉♥❡ ♣✉r✐♥❡ ♣❛r ✉♥❡ ♣✉r✐♥❡ ♦✉ ❞✬✉♥❡
♣②r✐♠✐❞✐♥❡ ♣❛r ✉♥❡ ♣②r✐♠✐❞✐♥❡✱ s♦✐t ❡♥ ❝❤❛♥❣❡❛♥t ❝♦♠♣❧èt❡♠❡♥t ❧❛ ❜❛s❡✮✳
❈❡s ♦♣ér❛t✐♦♥s s♦♥t ❡✛❡❝t✉é❡s ❞❛♥s ❧❡ ✜❝❤✐❡r ♣❞❜ ✐♥✐t✐❛❧ ✭♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❡ r❡♠♣❧❛✲
❝❡♠❡♥t ❞❡s ✓ ✯ ✔✮ ♣✉✐s ❞❛♥s ✉♥ ❧♦❣✐❝✐❡❧ ❞é❞✐é ✭①❧❡❛♣✴▼♦✐❧✲❱✐❡✇✮ q✉✐ ✈❛ ♣❡r♠❡ttr❡ ✉♥❡
♠❛♥✐♣✉❧❛t✐♦♥ ♣❧✉s ❛✐sé❡ ❞❡s ❛t♦♠❡s✱ ❛✐♥s✐ q✉✬✉♥❡ ♠✐♥✐♠✐s❛t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ✜♥❛❧❡
❛✐♥s✐ ♦❜t❡♥✉❡✳
❈❡tt❡ str✉❝t✉r❡ ❞❡ ❞é♣❛rt ♥❡ s❡rt q✉✬à ❢♦✉r♥✐r ❧❡s ❝♦♦r❞♦♥♥é❡s ✐♥✐t✐❛❧❡s ♣♦✉r ❧❡
♠♦❞è❧❡ q✉❡ ♥♦✉s ❛❧❧♦♥s ❝❤❡r❝❤❡r à ♠✐♥✐♠✐s❡r✱ ✐❧ ❢❛✉t ❡♥s✉✐t❡ ✿
✶✳ ✐♥té❣r❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ❝♦♠♣❧❡①❡ ❛✈❡❝ ❝❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ✭❝❤❛r❣❡s✱
❝♦♥st❛♥t❡s ❞❡ ❢♦r❝❡✮ ❀
✷✳ ❛❥♦✉t❡r ❧❡s ❝♦♥tr❡✲✐♦♥s ✭s♦❞✐✉♠ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❆❉◆✮ ♣♦✉r ♥❡✉tr❛❧✐s❡r é❧❡❝tr✐✲
q✉❡♠❡♥t ❧❡ ❝♦♠♣❧❡①❡✶ ❀
✸✳ ❛❥♦✉t❡r ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❡♥ q✉❛♥t✐té s✉✣s❛♥t❡ ♣♦✉r ❧❛✐ss❡r ✉♥❡ é♣❛✐ss❡✉r
❛q✉❡✉s❡ ❞✬❛✉ ♠♦✐♥s ✶✵ ➴ ❛✉t♦✉r ❞✉ s♦❧✉té✱ ❝♦♥❞✐t✐♦♥ s❛♥s ❧❛q✉❡❧❧❡ ❧❡s ♠♦❧é❝✉❧❡s
✐♠❛❣❡s ♣♦✉rr❛✐❡♥t s❡ r❡tr♦✉✈❡r ❡♥ ❝♦♥t❛❝t ❧✬✉♥❡ ❛✈❡❝ ❧✬❛✉tr❡✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ✉♥❡
✐♥t❡rr✉♣t✐♦♥ ❞✉ ❝❛❧❝✉❧✳
▲❡ s②stè♠❡ ❛✐♥s✐ ♦❜t❡♥✉ ❝♦♠♣r❡♥❞ ❡♥ ♠♦②❡♥♥❡ ✹✺✵✵ ♠♦❧é❝✉❧❡s ♣♦✉r ✶✺✵✵✵ ❛t♦♠❡s
♠❛✐s ❞❛♥s ✉♥❡ ❣é♦♠étr✐❡ très ré❣✉❧✐èr❡ ✭q✉✐ ✈✐❡♥t ❞✉ ♠♦❞❡ ❞✬✐♥s❡rt✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s
❞❡s ❝♦♥tr❡✲✐♦♥s ❡t ❞❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉✮✳ ❆✜♥ ❞✬♦♣t✐♠✐s❡r ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧✬❡♥s❡♠❜❧❡✱
❧❡ s②stè♠❡ ❡st ♣r♦❣r❡ss✐✈❡♠❡♥t ♠✐♥✐♠✐sé s♦✉s ❝♦♥tr❛✐♥t❡s ♣✉✐s ❛✈❡❝ ❧❡s ❝♦♥tr❛✐♥t❡s r❡✲
❧â❝❤é❡s ✭❧✬❡❛✉ ❡t ❧❡s ❝♦♥tr❡✲✐♦♥s s♦♥t ❝♦♥tr❛✐♥ts✱ ♣✉✐s s❡✉❧❡♠❡♥t ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉✱
♣✉✐s ♣❧✉s ❞❡ ❝♦♥tr❛✐♥t❡s✮✳ ▲❛ str✉❝t✉r❡ ❛✐♥s✐ ♦❜t❡♥✉❡ ❡st ❧❡ ♣♦✐♥t ❞❡ ❞é♣❛rt ♣♦✉r ❧❛
s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
✶■❧ ❡①✐st❡ ✉♥❡ ♣❡t✐t❡ ❝♦♥tr♦✈❡rs❡ ❝♦♥❝❡r♥❛♥t ❧✬❛❞❞✐t✐♦♥ ❞❡ ❝♦♥tr❡✲✐♦♥s ♦✉ ♥♦♥✳ ❊♥ ❡✛❡t ❝❡✉①✲❝✐
❡♥tr❛î♥❡♥t ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❞✉r❛♥t ❧❛ ❞②♥❛♠✐q✉❡✱ q✉✐ ♥❡ s♦♥t ♣❛s ❣é♥ér❛❧❡♠❡♥t s♦✉❤❛✐té❡s✱ ❝♦♠♠❡
❧❡s ✈❛r✐❛t✐♦♥s ❧♦❝❛❧❡s ❞❡ str✉❝t✉r❡ ✭❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ s✬❛❣❡♥❝❡♥t ❛✉t♦✉r ❞❡s ❝♦♥tr❡✲✐♦♥s✮✱ ❧❡s ❝❤♦❝s
❛✈❡❝ ❧❡ s♦❧✉té✳ ❈❡s ✐♥❝♦♥✈é♥✐❡♥ts ❛♣♣❛r❛✐ss❡♥t ❣é♥ér❛❧❡♠❡♥t ❛✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡t ❧❡✉rs ❡✛❡ts
s✬❛tté♥✉❡♥t ❛✈❡❝ ❧✬❛❧❧♦♥❣❡♠❡♥t ❞❡ ❝❡❧❧❡✲❝✐✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♥❡ ♣❛s ♠❡ttr❡ ❞❡ ❝♦♥tr❡✲✐♦♥s✱ ❧❡ ♣r♦❣r❛♠♠❡
♣r✐♥❝✐♣❛❧ ❞❡ s✐♠✉❧❛t✐♦♥ s❛♥❞❡r s❡ ❝❤❛r❣❡❛♥t ❛❧♦rs ❞❡ ♥❡✉tr❛❧✐s❡r ❧✬❡♥s❡♠❜❧❡ s♦❧✉té✲s♦❧✈❛♥t✳ ❈❡❧❛ é✈✐t❡
❛❧♦rs ❧❡s ❡✛❡ts ❞é❝r✐ts ❝✐✲❞❡ss✉s✱ ♠❛✐s ❛✉❝✉♥❡ ét✉❞❡ ❛♣♣r♦❢♦♥❞✐❡ ♥✬❛ été ré❛❧✐sé❡ ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✳
✸✳✹✳ ▼■❙❊ ❊◆ P▲❆❈❊ ❉✬❯◆❊ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊✸✼
✸✳✹✳✷ ❈❤❛✉✛❛❣❡
▲✬♦❜❥❡❝t✐❢ ❡st ❞✬❛♠❡♥❡r ❞❡ ❧✬é♥❡r❣✐❡ à ✉♥❡ str✉❝t✉r❡ st❛t✐q✉❡ à ✵ ❑ ♣♦✉r ♦❜t❡♥✐r ✉♥❡
❞❡s❝r✐♣t✐♦♥ ❞②♥❛♠✐q✉❡ à ✸✵✵ ❑✷ ❞❡ s♦♥ ❝♦♠♣♦rt❡♠❡♥t✳ ■❧ ❡st ❛tt❡✐♥t ❡♥ ❞❡✉① ét❛♣❡s ✿
✶✳ ❆ ✵ ❑✱ ❧❡s ✈✐t❡ss❡s s♦♥t ❝❛❧❝✉❧é❡s s✉✐✈❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ▼❛①✇❡❧❧✲
❇♦❧t③♠❛♥♥ ❬✶✻❪✳ ❊♥tr❡ ✵ ❡t ✶✺✵ ❑ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❡✛❡❝t✉é❡ à ✈♦❧✉♠❡ ❝♦♥st❛♥t
❡t ❧❛ t❡♠♣ér❛t✉r❡ ❡st ❛♣♣❧✐q✉é❡ ❞❡ ♠❛♥✐èr❡ str✐❝t❡ ❛✉ s②stè♠❡ ✭♠♦②❡♥♥❛♥t ✉♥❡
♠❛r❣❡ ❞❡ ✷ ❑✮ ♣♦✉r ❛❥✉st❡r ❧❛ ✈✐t❡ss❡ ❞❡s ❛t♦♠❡s✳ ▲❡ s♦❧✉té ❡t ❧❡s ✐♦♥s ❞❡ ♥❡✉✲
tr❛❧✐s❛t✐♦♥ s♦♥t ❝♦♥tr❛✐♥ts✳
✷✳ ❊♥tr❡ ✶✺✵ ❑ ❡t ✸✵✵ ❑✱ ❧❡s ✈✐t❡ss❡s s♦♥t ❛❥✉sté❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
s✉✐✈❛♥t ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ ❇❡r❡♥❞s❡♥ ❬✶✻❪✱ ❧❡ s②stè♠❡ ét❛♥t ♠❛✐♥t❡♥❛♥t s♦✉s ♣r❡ss✐♦♥
❝♦♥st❛♥t❡✳ ▲❡ s♦❧✉té ❡t ❧❡s ✐♦♥s ❞❡ ♥❡✉tr❛❧✐s❛t✐♦♥ s♦♥t ❝♦♥tr❛✐♥ts✳
✸✳✹✳✸ ❊q✉✐❧✐❜r❛t✐♦♥
▲❡ s②stè♠❡ ét❛♥t ❛ ✸✵✵ ❑✱ ✐❧ ❢❛✉t ♠❛✐♥t❡♥❛♥t r❡❧â❝❤❡r ❧❡s ❝♦♥tr❛✐♥t❡s s✉r ❧❡ s♦❧✉té
❡t ❧❡s ❝♦♥tr❡✲✐♦♥s✳ ❊❧❧❡s s♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❡♥❧❡✈é❡s✳ ◗✉❛♥❞ ❝❡❧❧❡s✲❝✐ ♥❡ s♦♥t ♣❧✉s
♣rés❡♥t❡s✱ ✉♥❡ r❡❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥ ❞❡s ✈✐t❡ss❡s ❡st ré❛❧✐sé❡ ♣♦✉r
é✈✐t❡r ❧❡ ♣r♦❜❧è♠❡ ✓ ❤♦t s♦❧✈❛♥t✴❝♦❧❞ s♦❧✉t❡ ✔ ❬✽✸❪✳ ❯♥❡ ❝♦✉rt❡ s✐♠✉❧❛t✐♦♥ ❡st ré❛❧✐sé❡✱
♣✉✐s ❧❛ r❡❞✐str✐❜✉t✐♦♥ ❡st ré❛❧✐sé❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ét❛♣❡ ❡st ré❛❧✐sé❡ ❞❡✉① ❢♦✐s✳
▲❡ s②stè♠❡ ❡st ♠❛✐♥t❡♥❛♥t à ❧❛ t❡♠♣ér❛t✉r❡ ❝♦rr❡❝t❡ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❡s ✈✐t❡ss❡s
s♦♥t ♠❛✐♥t❡♥❛♥t ❝♦rr❡❝t❡♠❡♥t ✐♥✐t✐❛❧✐sé❡s✳
✸✳✹✳✹ Pr♦❞✉❝t✐♦♥
▲❛ s✐♠✉❧❛t✐♦♥ ❡st ❝❛❧❝✉❧é❡ ♣♦✉r ✉♥❡ ♣ér✐♦❞❡ ❞❡ t❡♠♣s ♣ré❞ét❡r♠✐♥é❡✱ s✉✐✈✐❡ ❛✉ ❝♦✉rs
❞❡ s♦♥ ❛✈❛♥❝❡♠❡♥t ❛✜♥ ❞❡ ❞ét❡❝t❡r ❞✬é✈❡♥t✉❡❧s ♣r♦❜❧è♠❡s✳ ▲❡s ❛♥❛❧②s❡s ♣ré❧✐♠✐♥❛✐r❡s
♣❡✉✈❡♥t ❝♦♠♠❡♥❝❡r✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❞❡s ❝♦♥tr❛✐♥t❡s ♣❡✉✈❡♥t êtr❡ ❛♣♣❧✐q✉é❡s ❛✜♥ ❞✬é✈❛✲
❧✉❡r ❧✬✐♠♣❛❝t ❞✬✉♥ ❝❤❛♥❣❡♠❡♥t ❝♦♥❢♦r♠❛t✐♦♥♥❡❧ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ét✉❞✐é❡✳
✸✳✹✳✺ ❆♥❛❧②s❡
❉❡✉① t②♣❡s s♦♥t ré❛❧✐sé❡s ✭❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❆❉◆✮ ✿
✕ s②sté♠❛t✐q✉❡ ✿ ❝❛❧❝✉❧ ❞❡s ♣r♦♣r✐étés str✉❝t✉r❛❧❡s ❞❡ ❧✬❆❉◆ ✭❝♦✉r❜✉r❡✱ ♣❛r❛♠ètr❡s
❤é❧✐❝♦ï❞❛✉①✮ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✉ ❧♦❣✐❝✐❡❧ ❈❯❘❱❊❙ ❬✶✶✷✱ ✶✶✸❪✱ ❞❡s ❝❛r❛❝tér✐s✲
t✐q✉❡s ❞✉ ❝♦♠♣♦sé ♣❧❛t✐♥é ✭♣r♦❣r❛♠♠❡s ✐♥t❡r♥❡s✱ ❞✐s♣♦♥✐❜❧❡s ❡♥ ❆♥♥❡①❡✱ ♣❛❣❡
✷✺✼ ❡t s✉r ❧❡ s✐t❡ ❤tt♣ ✿✴✴✇✇✇✳st❡❧❡t❝❤✳♦r❣✮ ❀
✷■❧ s✬❛❣✐t ❜✐❡♥ ❞❡ ✸✵✵ ❑ ✭❡♥✈✐r♦♥ ✷✼✝❈✮ ❡t ♥♦♥ ♣❛s ✸✶✵ ❑ ✭✸✼✝❈✱ t❡♠♣ér❛t✉r❡ ♣❧✉s ❝♦❤ér❡♥t❡ ♣♦✉r
❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ♣r♦❝❡ss✉s ❜✐♦❧♦❣✐q✉❡s ❤✉♠❛✐♥s✮ ❝❛r ❧❡s ♣r♦♣r✐étés ❣❧♦❜❛❧❡s ❞❡s ❛t♦♠❡s ❞✉ ❝❤❛♠♣ ❞❡
❢♦r❝❡ ♦♥t été ❝❛❧❝✉❧é❡s ♣♦✉r ❝❡tt❡ t❡♠♣ér❛t✉r❡✳
✸✽ ❈❍❆P■❚❘❊ ✸✳ ❙■▼❯▲❆❚■❖◆ ❉❊ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
✕ s♣é❝✐✜q✉❡ ✿ ✈ér✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝♦r❞❛♥❝❡ ❞❡s str✉❝t✉r❡s ❝❛❧❝✉❧é❡s ❛✈❡❝ ❧❡s ❞♦♥♥é❡s
❡①♣ér✐♠❡♥t❛❧❡s✸✱ ❝❛❧❝✉❧s ❞❡ ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥s✱ r❡❝❤❡r❝❤❡ ❞❡ s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s
♣❛rt✐❝✉❧✐èr❡s✱ ❡t❝✳
❈✬❡st ❝❡tt❡ ❧♦♥❣✉❡ ét❛♣❡ q✉✐ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ ♦❜t❡♥✉ ❛✐♥s✐
q✉❡ ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡s ❝❛❧❝✉❧s ré❛❧✐sés✳
✸■❧ ❡st t♦✉t❡❢♦✐s t♦✉❥♦✉rs ❞é❧✐❝❛t ❞❡ ❝♦♠♣❛r❡r ❞❡s ❝❛r❛❝tér✐st✐q✉❡s str✉❝t✉r❛❧❡s ♥✬❛②❛♥t ♣❛s ❧❛ ♠ê♠❡
é❝❤❡❧❧❡ ❞❡ t❡♠♣s ♥✐ ❧❛ ♠ê♠❡ ♠❛r❣❡ ❞✬❡rr❡✉r✱ ✐❧ ❢❛✉t ❞♦♥❝ s❡ ❝♦♥❝❡♥tr❡r s✉r ❝❡❧❧❡s q✉✐ s♦♥t ❜✐❡♥ ét❛❜❧✐❡s
✭❝♦♠♠❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✬✉♥ s✉❝r❡ ♣❛r ❡①❡♠♣❧❡✮✳
❈❤❛♣✐tr❡ ✹
❖❜❥❡❝t✐❢s ❞✉ tr❛✈❛✐❧
▲❡ tr❛✈❛✐❧ ❡✛❡❝t✉é ♣ré❝é❞❡♠♠❡♥t ❛✉ ❧❛❜♦r❛t♦✐r❡ ❬✺✾❪ ❛ ♣❡r♠✐s ❞✬é❧✉❝✐❞❡r ❧❡ ❝♦♠✲
♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❛❞❞✉✐t ♣❧❛t✐♥é s✉r ❧❛ séq✉❡♥❝❡ 5
′
✲●❈❈●✯●✯❆❚❈●❈✲3
′
✴
5′✲●❈●❆❚✲❈❈●●❈✲3
′
✭●✯ r❡♣rés❡♥t❡ ✉♥❡ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✮✱ q✉✐ ❛✈❛✐t été ét✉❞✐é❡ ♣❛r
❘▼◆ ♠❛✐s ❞♦♥t ♣❧✉s✐❡✉rs ♠♦❞è❧❡s ❛✈❛✐❡♥t ❞û êtr❡ ❢♦✉r♥✐s ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞✐✛ér❡♥ts
❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♦❜s❡r✈és ❬✽✼✱ ✶✵✼❪✳ ❈❡tt❡ ♣r♦✉❡ss❡ ❛ été ❛❝❝♦♠♣❧✐❡ ❣râ❝❡ à ❧✬✉t✐✲
❧✐s❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❝♦♠♣r❡♥❛♥t ✉♥❡ ♣❛r❛♠étr✐s❛t✐♦♥
♥♦✉✈❡❧❧❡ ♣♦✉r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡s s✉❝r❡s ❞❡ ❧✬❆❉◆✱ ❝❡ q✉✐ ❧✉✐ ❛ ❛♣♣♦rté ✉♥❡ ✢❡①✐❜✐❧✐té
s✉✣s❛t❡ ♣♦✉r ❛tt❡✐♥❞r❡ ❧❡s ét❛ts ♦❜s❡r✈és ❡♥ ❘▼◆✳
❈❤é❧❛té s✉r ❧✬❆❉◆✱ ❧❡ ❝✐s♣❧❛t✐♥❡ ✐♥❞✉✐t ✉♥❡ ❢♦rt❡ ❝♦✉r❜✉r❡✱ ✉♥ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧✬❤é✲
❧✐❝❡✱ ❧✬♦✉✈❡rt✉r❡ ❞✉ ♣❡t✐t s✐❧❧♦♥✱ ❛✐♥s✐ q✉❡ ❧❡ ❜❧✐♥❞❛❣❡ ❞❡ ❞❡✉① ♣r♦t♦♥s ✿ C3H ′2 ❡st très
❜❧✐♥❞é ✭✵✱✻ ♣♣♠✮✱ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡✱ ❝❡❧✉✐ ❞❡ ❧❛ ❜❛s❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ C17H ′2
✭✵✱✶✲✵✱✷ ♣♣♠✮✳
▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡✛❡❝t✉é❡ ♣❛r ❧❡ ❉r✳ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ❛ ❛✐♥s✐
♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧✬❡①♣❧✐❝❛t✐♦♥ rés✐❞❛✐t ❞❛♥s ❧❡ ❞é♣❧❛❝❡♠❡♥t ❧❛tér❛❧ ❞❡ ❧❛ ❝②t♦s✐♥❡
❝♦♠♣❧é♠❡♥t❛✐r❡ ✭C17✮ ❞❡ ❧❛ ♣r❡♠✐èr❡ ❜❛s❡ ♣❧❛t✐♥é❡ ✭G∗4✮ ❡♥tr❡ ❞❡✉① ♣♦s✐t✐♦♥s ❡①trê♠❡s✳
❉❛♥s ✉♥❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ♦ù ❧❛ ❝②t♦s✐♥❡ ✓ ♣♦✉ss❡ ✔ ❧❛ ❣✉❛♥✐♥❡ ✈❡rs ❧❡ sq✉❡❧❡tt❡
♣❤♦s♣❤♦❞✐❡st❡r✱ ❧❡ ❜❧✐♥❞❛❣❡ ❢♦rt ❞✉ ♣r♦t♦♥ C3H ′2 ♣❛r ❧❛ ❣✉❛♥✐♥❡ G4∗ s❡ ♣r♦❞✉✐t t❛♥❞✐s
q✉❡ ❧❛ ❝♦✉r❛♥t ❞❡ ❝②❝❧❡ ❞❡ G18 ❡♥tr❛î♥❡ ❧❡ ❜❧✐♥❞❛❣❡ ❢❛✐❜❧❡ ❞✉ s❡❝♦♥❞ ♣r♦t♦♥ C17H ′2✳
❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣♦s✐t✐♦♥ ❝❡s ❜❧✐♥❞❛❣❡s ❞✐s♣❛r❛✐ss❡♥t ❝❛r ❧❡s ♣r♦t♦♥s s♦rt❡♥t ❞❡s ❝ô♥❡s
r❡s♣❡❝t✐❢s ❞❡ ❜❧✐♥❞❛❣❡ ❞❡s ❣✉❛♥✐♥❡s✳ ▲❛ ✜❣✉r❡ ✹✳✶ ❞♦♥♥❡ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡
❞❡ ❧✬❛❞❞✉✐t✳
❈❡s ♦❜s❡r✈❛t✐♦♥s ❛②❛♥t été ❢❛✐t❡s ❛ ♣♦st❡r✐♦r✐✱ ✐❧ ❡st ❛♣♣❛r✉ r❛✐s♦♥♥❛❜❧❡ ❞✬♦❜s❡r✈❡r
❧❡s ❝❛r❛❝tér✐st✐q✉❡s str✉❝t✉r❛❧❡s s✉♣♣❧é♠❡♥t❛✐r❡s ❛♣♣♦rté❡s ♣❛r ❧❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉✲
❧❛✐r❡✳ ❈✬❡st ❛✐♥s✐ q✉❡ ❞❡s tr❛♥s✐t✐♦♥s ❇■⇋❇■■ s✉r ❧✬❛❞é♥✐♥❡ ✻ ♦♥t été ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡✳
❈❡s tr❛♥s✐t✐♦♥s s♦♥t ❝♦✉♣❧é❡s à ❧❛ r✉♣t✉r❡ ✭❇■✮ ♦✉ à ❧❛ ❢♦r♠❛t✐♦♥ ✭❇■■✮ ❞✬✉♥❡ ❧✐❛✐✲
s♦♥ ❤②❞r♦❣è♥❡ ❡♥tr❡ ✉♥❡ ❛♠♠✐♥❡ ❞✉ ❝✐s♣❧❛t✐♥❡ ❡t ❧✬❛t♦♠❡ ◆✼ ❞❡ ❧✬❛❞é♥✐♥❡ ✻✳ ❈❡tt❡
s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ♥♦✉✈❡❧❧❡ ❛ ❞❡ ♣❧✉s ♣✉ êtr❡ ♣r♦♣♦sé❡ ❝♦♠♠❡ ✉t✐❧✐sé❡ ❞❛♥s ❧❛ r❡✲
✸✾
✹✵ ❈❍❆P■❚❘❊ ✹✳ ❖❇❏❊❈❚■❋❙ ❉❯ ❚❘❆❱❆■▲
❋✐❣✳ ✹✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✉ ❞é❝❛♥✉❝❧é♦t✐❞❡
❞✭●❈❈●✯●✯❆❚❈●❈✮·❞✭●❈● ❆❚❈❈●●❈✮ ❛✈❡❝ ❧✬❛❞❞✉✐t ●●✲❝✐s✲Pt✭◆❍3✮2 s✉r
❧❡s ❣✉❛♥✐♥❡s ●✯ ❛♥❛❧②sé ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘▼◆ ♣❛r ❍❡r♠❛♥ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✽✼❪✳
❝♦♥♥❛✐ss❛♥❝❡ ❡♥tr❡ ✉♥ ❆❉◆ ♣❧❛t✐♥é ❡t ❧❡ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥ ▲❊❋✲■ ✭à ♣❛rt✐r ❞❡ ❧❛
str✉❝t✉r❡ ❘▼◆ ❬✶✷✷❪✮✱ t❛♥❞✐s q✉❡ ❧❛ s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥ ❇■ ♣♦✉rr❛✐t êtr❡ r❡❝♦♥♥✉❡ ♣❛r
❧❛ ♣r♦té✐♥❡ ❍▼●✲■ ✭♣❛r ✐❞❡♥t✐✜❝❛t✐♦♥ ❞✉ ♠♦❞❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ✐ss✉ ❞❡ ❧❛ str✉❝t✉r❡
❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❬✶✸✾❪✮✳
❚♦✉t ❞✬❛❜♦r❞✱ ♣♦✉r ♣r♦✉✈❡r ❧✬❡①✐st❡♥❝❡ ❞❡ ❝❡tt❡ s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥ ❇■■✱ ♥♦✉s ❛✈♦♥s
❞é❝✐❞é ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t ✉♥❡ ♠ét❤♦❞♦❧♦❣✐❡ ♣❡r♠❡tt❛♥t ❞✬✐❞❡♥t✐✜❡r ❡t ❞❡ q✉❛♥t✐✜❡r ❧❛
♣rés❡♥❝❡ ❞✬✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ❞❡ ♠❛♥✐èr❡ ♣❧✉s ♣ré❝✐s❡ ❡t ♣❧✉s r♦❜✉st❡ q✉❡ ❝❡ q✉✐
❛✈❛✐t été ❢❛✐t ❥✉sq✉✬❛❧♦rs✳ ❈❡ tr❛✈❛✐❧ ❡st ♣rés❡♥té ❞❛♥s ❧❡ ♣r❡♠✐❡r ❛rt✐❝❧❡✱ ❝❤❛♣✐tr❡ ■✳
❊♥s✉✐t❡✱ ❧✬ét✉❞❡ ❘▼◆ ❞❡ ❧❛ séq✉❡♥❝❡ ❝♦♥t❡♥❛♥t ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❞é♥✐♥❡ ♣♦✉r ❧❛
❣✉❛♥✐♥❡ ❛ été ré❛❧✐sé❡✳ ❈❡tt❡ ét✉❞❡ ❡st ❞é❝r✐t❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✳ ◆♦✉s ② ❞é❝♦✉✈r✐r♦♥s
❧❡s ❝♦♥tr❛✐♥t❡s ❡①♣ér✐♠❡♥t❛❧❡s q✉✐ ❞é❝♦✉❧❡♥t ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝✐♥q ❣✉❛♥✐♥❡s ❞❛♥s ✉♥
❞é❝❛♥✉❝❧é♦t✐❞❡✱ ❛✐♥s✐ q✉✬✉♥❡ ❛♥❛❧②s❡ ❞❡s rés✉❧t❛ts ♠✐s❡ ❡♥ r❛♣♣♦rt ❛✈❡❝ ❧❛ s✐♠✉❧❛t✐♦♥
❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
P♦✉r ✈ér✐✜❡r ❧✬❤②♣♦t❤ès❡ s❡❧♦♥ ❧❛q✉❡❧❧❡ ❧❛ ♣r♦té✐♥❡ ▲❊❋✲■ r❡❝♦♥♥❛îtr❛✐t ❧❛ séq✉❡♥❝❡
❝♦♥t❡♥❛♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■✱ ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛ été ré❛❧✐sé❡
❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❉r✳ ❉r✉♠♠✳ ❯♥❡ ♣❛rt✐❡ ❞❡ ❝❡s tr❛✈❛✉① ❛ ❞♦♥♥é ❧✐❡✉ à ❧❛
❞❡✉①✐è♠❡ ♣✉❜❧✐❝❛t✐♦♥✱ ❝♦♠♠❡ ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■■✳
❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡s ♠é❝❛♥✐s♠❡s ✐♥❞✉✐s❛♥t ❧✬❡✣❝❛❝✐té ❞❡s ❝♦♠♣♦sés
♣❧❛t✐♥és s✉r ❧❡s ❝❡❧❧✉❧❡s t✉♠♦r❛❧❡s✱ ✉♥ ♥♦✉✈❡❧ ❛❞❞✉✐t ❛ été ét✉❞✐é✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡
❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❉r✳ ❚❡✉❜❡♥ ❞✉ ❧❛❜♦r❛t♦✐r❡ ❞✉ Pr✳ ❘❡❡❞✐❥❦✳ ❈❡ tr❛✈❛✐❧ ❡st ♣rés❡♥té
❞❛♥s ❧❡ tr♦✐s✐è♠❡ ❛rt✐❝❧❡✱ ❝❤❛♣✐tr❡ ■❱✳
◆♦✉s ✈❡rr♦♥s ❛✉ tr❛✈❡rs ❞❡ ❝❡s ❝❤❛♣✐tr❡s ❧❡s ❞✐✣❝✉❧tés ❡♥❣❡♥❞ré❡s ♣❛r ❝❡s ét✉❞❡s
✈❛r✐é❡s ❡t ❝♦♠♣❧❡①❡s ♣✉✐s ❝♦♠♠❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t ❞❡s t❡❝❤♥♦❧♦❣✐❡s
✹✶
♥♦✉s ❛ ❛♠❡♥é à ❢❛✐r❡ ✐♥✢é❝❤✐r ♥♦tr❡ str❛té❣✐❡ ✐♥✐t✐❛❧❡✳ ❚♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❛ ♣r♦❜❧é✲
♠❛t✐q✉❡ ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✬✉♥ ❝♦♠♣♦sé ❝❤✐♠✐q✉❡ ✐♥♦r❣❛♥✐q✉❡ s❡r❛ ♣rés❡♥té❡ ❞❛♥s
❧❡ ❝❤❛♣✐tr❡ ❱✳
✹✷ ❈❍❆P■❚❘❊ ✹✳ ❖❇❏❊❈❚■❋❙ ❉❯ ❚❘❆❱❆■▲
Pr❡♠✐èr❡ ♣❛rt✐❡
❉ét❡❝t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■
✹✸

✹✺
▲✬ét✉❞❡ ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞❡ ❘és♦♥❛♥❝❡ ▼❛❣♥ét✐q✉❡ ◆✉❝❧é❛✐r❡ ✭❘▼◆✮ ❞❡s ❛❝✐❞❡s
♥✉❝❧é✐q✉❡s ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❡✉r ❝♦♥❢♦r♠❛t✐♦♥ ❡♥ s♦❧✉t✐♦♥✳ ▲✬❡♥r❡❣✐str❡♠❡♥t ❞❡s
❝♦✉♣❧❛❣❡s ◆❖❊❙❨ s✉✐✈✐ ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥❡ ♠❛tr✐❝❡ ❞❡ r❡❧❛①❛t✐♦♥ ♣❡r♠❡t ❞✬♦❜t❡✲
♥✐r ❧❛ str✉❝t✉r❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ r❡♣rés❡♥t❛t✐✈❡ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡s
❝♦✉♣❧❛❣❡s ❈❖❙❨ ❡t ❚❖❈❙❨ ♣❡r♠❡t ❞❡ ♣ré❝✐s❡r ❧❡s ✐♥❢♦r♠❛t✐♦♥s r❡❝✉❡✐❧❧✐❡s ❡t ❞❡ ❧❡✈❡r
❧❡s ❛♠❜✐❣✉ïtés✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡s ❞✐✛ér❡♥ts ♠ét❤♦❞❡s ❝♦✉♣❧é❡ à ✉♥ ❧♦❣✐❝✐❡❧ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♠♦❧é✲
❝✉❧❛✐r❡ ♣❡r♠❡t ❞❡ rés♦✉❞r❡ ❧❛ str✉❝t✉r❡✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ ❛♣♣r♦❝❤❡ ❝❧❛ss✐q✉❡ ♣❡✉t✲êtr❡
✐♥s✉✣s❛♥t❡ s✐ ✿
✶✳ ▲❛ str✉❝t✉r❡ ét✉❞✐é❡ ❝♦♠♣r❡♥❞ ❞❡s tr❛♥s✐st✐♦♥s ❡♥tr❡ ❞❡✉① ét❛ts ❞✐st✐♥❝ts ✐♥❞é✲
♣❡♥❞❛♥ts ✭❝❛s ❇■⇋❇■■✮ ❀
✷✳ ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ s♣✐♥s ♣❡rt✉r❜❡♥t ❧❛ q✉❛❧✐té ❞✉ s✐❣♥❛❧ ✭❛tté♥✉é ♣❛r
❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ t❡♠♣s ❞❡ ♠✐①❛❣❡ ❧♦♥❣s✮ ❀
✸✳ ❧❡ ♥♦♠❜r❡ ❞❡ s✐❣♥❛✉① ❞❡ ❧❛ ③♦♥❡ ❞✬✐♥térêt ❡st ✐♥s✉✣s❛♥t ♣♦✉r ❞✐st✐♥❣✉❡r ❧❡s s♦✉s✲
ét❛ts ❀
✹✳ ✉♥ é❧é♠❡♥t ❡①t❡r♥❡ ✭❝♦♠♠❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❧✬❆❉◆✮ ✈✐❡♥t ♣❡r✲
t✉r❜❡r ❧❡s s✐❣♥❛✉① ❘▼◆ ❝❧❛ss✐q✉❡s✳ ❈❡❧❛ ♣❡✉t ❛✐❞❡r à ❛✣♥❡r ❧❛ ③♦♥❡ ❞✬✐♥térêt
✭♣❛r ❡①❡♠♣❧❡ ✈✐❛ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛③♦t❡ 15N q✉✐ ♣❡r♠❡ttr❛ ❞✬❛❥♦✉t❡r ❞✉ s✐❣♥❛❧✮✳
▲❡ ❝❛s ❞❡s s♦✉s ét❛ts ❇■ ❡t ❇■■ ❞❡ ❧✬❆❉◆ ❬✻✼❪ ❡st ✉♥ ❡①❡♠♣❧❡ ❞❡s ❞✐✣❝✉❧tés r❡♥❝♦♥tré❡s
❧♦rs ❞❡ ❧❛ rés♦❧✉t✐♦♥ ❞❡ str✉❝t✉r❡s ❘▼◆✳ ▲✬✐♥❢♦r♠❛t✐♦♥ ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡ s♦✉s✲ét❛t
♣rés❡♥t ♣❡✉t✲êtr❡ ♦❜t❡♥✉❡ ♣❛r ❧✬❡♥r❡❣✐str❡♠❡♥t ✶❉ ❞✉ s♣❡❝tr❡ ❞✉ ♣❤♦s♣❤♦r❡ ❡t ♣❛r
❝♦✉♣❧❛❣❡ s❝❛❧❛✐r❡ 3JH′
3
−P ✳
❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ♠♦♥tré ♣❛r ●♦r❡✐♥st❡✐♥ ❡t s♦♥ éq✉✐♣❡ ❬✼✺❪✱ ❧✬❛♠❜✐❣✉ïté ❡♥tr❡ ❧❡s
❞❡✉① s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s ♥❡ ♣❡✉t êtr❡ ❧❡✈é❡ ❡♥ ❛♣♣❧✐q✉❛♥t ❧✬éq✉❛t✐♦♥ r❡❧✐❛♥t ❧❡ ❝♦✉♣❧❛❣❡
❞✐♣♦❧❛✐r❡ à ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❬✶✵✷❪✳ ❈❡s ❞✐✣❝✉❧tés ♥♦✉s ♦♥t ❛♠❡♥é à ❞é✈❡❧♦♣♣❡r ✉♥❡
❛♣♣r♦❝❤❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡s s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s
❇■■✳
❈❡tt❡ ❛♣♣r♦❝❤❡ ❡st ❜❛sé❡ s✉r ❧✬❛♥❛❧②s❡ st❛t✐st✐q✉❡ ❞❡ str✉❝t✉r❡s ✐ss✉❡s ❞✬✐♥st❛♥t❛♥és
♠✐♥✐♠✐sés ❞❡ s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡s ♠♦❧é❝✉❧❛✐r❡s ❡t ❞❡ str✉❝t✉r❡s ❝r✐st❛❧❧♦❣r❛✲
♣❤✐q✉❡s à ❤❛✉t❡ rés♦❧✉t✐♦♥ ✭≤ ✷✱✵ ➴✮✳ ▲❡ ♥♦♠❜r❡ ❞❡ ♣❛s ét✉❞✐és ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡
tr❛✈❛✐❧ ❡st ❞❡ ✷✻✾✼✽ ♣♦✉r ❧❡s str✉❝t✉r❡s ✐ss✉❡s ❞❡s s✐♠✉❧❛t✐♦♥s ❡t ❞❡ ✺✹✽ ♣❛s ♣♦✉r ❧❡s
str✉❝t✉r❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s✳
◆♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✐✛ér❡♥❝✐❛♥t ❧❡s ♣❛s ❇■ ❞❡s ♣❛s ❇■■ ❡♥ t❡r♠❡
❞❡ ❞✐st❛♥❝❡s ✐♥t❡r✲♣r♦t♦♥s✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ à ❞é❥à été ✉t✐❧✐sé❡ ❛♥tér✐❡✉r❡♠❡♥t ❬✶✽✼❪ ❡t
❛ été ét❡♥❞✉❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ ét✉❞❡ ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ✷✶ ❞✐st❛♥❝❡s
♣♦ss✐❜❧❡s ❞❛♥s ✉♥ ♣❛s Xn − Xn+1 ✭♦ù X r❡♣rés❡♥t❡ ✉♥❡ ❜❛s❡ ♣❛r♠✐ ❆✱ ❚✱ ❈✱ ●✮✳ ▲❡s
rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t ♣rés❡♥tés ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✶✳
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❉②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❈r✐st❛❧❧♦❣r❛♣❤✐❡
❉✐st❛♥❝❡ ❇✶ ❇✷ ❇✶ ❇✷
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◆♦♠❜r❡ ❞❡ ♣❛s ✷✷✷✶✷ ✹✼✻✻ ✹✺✶ ✾✶
❚❛❜✳ ✶ ✕ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ✷✶ ❞✐st❛♥❝❡s ♠❡s✉ré❡s s✉r ❧❡s str✉❝t✉r❡s ✐ss✉❡s ❞❡s ❞♦♥✲
♥é❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❡t ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ❞✐st❛♥❝❡s
✐♥❞✐q✉é❡s ❡♥ r♦✉❣❡ s♦♥t ❝❡❧❧❡s ♣rés❡♥t❛♥t ❧❡ ♣❧✉s ❞✬✐♥térêt ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ét✉❞❡✳
■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r ❧❛ très ❜♦♥♥❡ ❝♦rr❡s♣♦♥❞❛♥❝❡ ❡♥tr❡ ❧❡s ❞✐st❛♥❝❡s ♦❜s❡r✲
✈é❡s ❡♥ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡t ❝❡❧❧❡s ♦❜s❡r✈é❡s ♣❛r ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❛✉① r❛②♦♥s ❳
✭❝♦❡✣❝✐❡♥t ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ❘❂✵✱✾✾ s✉r ❧❛ ♠♦②❡♥♥❡ ♣♦✉r ❇■✱ ❘❂✵✱✾✺ s✉r ❧❛ ♠♦②❡♥♥❡
♣♦✉r ❇■■✮✳
❉❡ ❝❡s ✷✶ ❞✐st❛♥❝❡s✱ s❡✉❧❡s ✹ ♣❡✉✈❡♥t êtr❡ r❡t❡♥✉❡s ♣♦✉r ❧❛ sé♣❛r❛t✐♦♥ ❞❡s ❞❡✉①
s♦✉s✲ét❛ts✱ ❡❧❧❡s ❝♦♠♣♦rt❡♥t à ❧❛ ❢♦✐s ✉♥❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❧❡s ❞❡✉① ét❛ts ❡t
s♦♥t s✉✣s❛♠♠❡♥t ♣❡t✐t❡s ♣♦✉r êtr❡ ✐❞❡♥t✐✜❛❜❧❡s ❝♦rr❡❝t❡♠❡♥t ❡♥ ❘▼◆ ✭s✐ ❧❛ ❞✐st❛♥❝❡
s❡ r❛♣♣r♦❝❤❡ ❞❡ ✺ ➴✱ ❧✬❡✛❡t ❖✈❡r❤❛✉s❡r ♥❡ ♣❡r♠❡t ♣❛s ❞✬♦❜t❡♥✐r ✉♥❡ ♣ré❝✐s✐♦♥ s✉✣s❛♥t❡
s✉r ❧❛ ❞✐st❛♥❝❡✮✳ ■❧ s✬❛❣✐t ❞❡ ✿
✕ ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✮
✕ ❍✶✬ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮
✕ ❍✷✬ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮
✕ ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮
✹✼
▲❡s ❞✐st❛♥❝❡s ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✮✱ ❍✷✬ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮ ❡t ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮ s♦♥t
s❡♥s✐❜❧❡s à ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ s✉❝r❡✳ ■❧ ❡st ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦ss✐❜❧❡ ❞❡ ❞✐st✐♥❣✉❡r ❧❡s
❞✐✛ér❡♥t❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ s✉❝r❡s✱ ❛✐♥s✐ q✉❡ ❞❡ ❞ét❡r♠✐♥❡r ✐♥❞✐r❡❝t❡♠❡♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥
❞✉ ♣❤♦s♣❤❛t❡ s✉r ❧❡ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡✳
▲❛ ✜❣✉r❡ ✷ ♣rés❡♥t❡ ❧❛ ♠ét❤♦❞♦❧♦❣✐❡ ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡s ♣♦♣✉✲
❧❛t✐♦♥s ❇■ ❡t ❇■■ ❛✉ s❡✐♥ ❞✬✉♥ ♣❛s Xn −Xn+1✳
❋✐❣✳ ✷ ✕ ♣r♦❥❡❝t✐♦♥ ❜✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞✐st❛♥❝❡s ❍✷✑ ✭♥✮✲❍✻✴❍✽
✭♥✮ ❡t ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮ ❝♦♥tr❡ ❧❛ ❞✐st❛♥❝❡ ❍✶✬ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮✳ ❈❤❛q✉❡ ♣♦✐♥t
r❡♣rés❡♥t❡ ✉♥❡ ❞❡s ✷✻✾✼✽ ❝♦♥❢♦r♠❛t✐♦♥s ❞✐♥✉❝❧é♦t✐q✉❡s ✐ss✉❡s ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛✲
♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ❝♦✉❧❡✉rs ✐♥❞✐q✉❡♥t ❧❡s s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s ❞❡s ♣❛s✳ ❊♥ ❜❧❡✉ ✿ ❇■✱
s✉❝r❡ ✺✬ ❙✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■✳ ❊♥ ❖r❛♥❣❡ ✿ ❇■✱ s✉❝r❡ ✺✬ ❊✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■✳ ❊♥ ♥♦✐r ✿ ❇■✱
s✉❝r❡ ✺✬ ◆✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■✳ ❊♥ ♠❛❣❡♥t❛ ✿ ❇■✱ ♣❤♦s♣❤❛t❡ ✸✬ ❇■■✳ ❊♥ r♦✉❣❡ ✿ ❇■■✱ ♣❤♦s✲
♣❤❛t❡ ❞✉ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❡♥ ❇■✳ ❊♥ ✈❡rt ✿ ❇■■✱ ♣❤♦s♣❤❛t❡ ❞✉ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡
❡♥ ❇■■✳ P♦✉r ❞ét❡r♠✐♥❡r ❧❡ ♣❧✐ss❡♠❡♥t ❞✉ s✉❝r❡✱ ❧❡s ❝r✐tèr❡s s✉✐✈❛♥ts ♦♥t été ❛♣♣❧✐q✉és
♣♦✉r ❧✬❛♥❣❧❡ ❞❡ ❧❛ ♣❤❛s❡ P ✿ ◆✱ P < ✻✵✝❀ ❊✱ ✻✵✝≤ P ≤ ✶✶✺✝❀ ❙✱ ✶✶✺ ≤ P ≤ ✷✷✵✝✳ ▲❡ s✐❣♥❡
✬✰✬ ✐♥❞✐q✉❡ ❧❡ ❜❛r②❝❡♥tr❡ ❞❡ ❝❤❛q✉❡ ❝♦♥❢♦r♠❛t✐♦♥✱ XBI , XBII ❧❛ ♣r♦❥❡❝t✐♦♥ ❞❡ ❝❡✉①✲❝✐✳
▲❡ ♣♦✐♥t P ♣rés❡♥t❡ à t✐tr❡ ❞✬❡①❡♠♣❧❡ ❧❛ ♣r♦❥❡❝t✐♦♥ ♦❜t❡♥✉❡ ♣♦✉r ❧❡ ♣❛s P ❞♦♥♥é✳
✹✽
◆♦✉s ✉t✐❧✐s♦♥s ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✮ ❡t ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮ ♣♦✉r
❜é♥é✜❝✐❡r ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❛♥t❛❣♦♥✐st❡ ❞❡ ❝❡s ❞✐st❛♥❝❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥
❇■ ♦✉ ❇■■ ♦❜s❡r✈é❡✳
▲❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❇■■ ❡st ♦❜t❡♥✉❡ ❡♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ✶ ✿
(NOE) = 100 ∗ (XBI −Xp)
(XBI −XBII) ✭✶✮
XBI ✱ XBII ✿ ♣r♦❥❡❝t✐♦♥ ❞❡s ❜❛r②❝❡♥tr❡s ❝❛❧❝✉❧és à ♣❛rt✐r ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛✲
♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❞❡ ❇■ ❡t ❇■■ s✉r ❧✬❛①❡ ①✳
Xp ✿ ♣r♦❥❡❝t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ❡①♣ér✐♠❡♥t❛❧❡s s✉r ❧✬❛①❡ ① ♣♦✉r ❧❡ ♣❛s P✳
❈❡tt❡ ♠ét❤♦❞❡ ❞❡ ❝❛❧❝✉❧ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ♣ré❞✉✐r❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❇■■ ❡t ❝♦♠♣❛✲
r❡r ❝❡ rés✉❧❛t ❛✈❡❝ ❧❛ ♣r♦♣♦rt✐♦♥ ré❡❧❧❡✳ ▲❡s ♣♦✐♥ts ❞❡ ❝♦♠♣❛r❛✐s♦♥ ♦♥t été ❡①tr❛✐ts ❞❡
❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡t ❞✬✉♥ ❡♥s❡♠❜❧❡ ✜❧tré ❞❡ str✉❝t✉r❡s ❝r✐st❛❧❧♦✲
❣r❛♣❤✐q✉❡s à ❤❛✉t❡ rés♦❧✉t✐♦♥✳ ▲❛ ♠❛r❣❡ ❞✬❡rr❡✉r ❞❡ ❧❛ ♠ét❤♦❞❡ ❛ ❛✐♥s✐ ♣✉ êtr❡ ❡st✐♠é❡
à ✷✵ ✪✳
❆ tr❛✈❡rs ❝❡tt❡ ét✉❞❡✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ❛♣♣r♦❝❤❡ ❛ été ❞é✈❡❧♦♣♣é❡ ♣♦✉r ❞ét❡r♠✐♥❡r
❞❡ ♠❛♥✐èr❡ ✐♥❞✐r❡❝t❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛ s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥ ❇■■✳ ❈❡tt❡ ♣r♦♣♦rt✐♦♥ ❡st
s♦✉✈❡♥t s♦✉s✲❡st✐♠é❡ ❡♥ r❛✐s♦♥ ❞❡s ❝♦♥tr❛✐♥t❡s ❡①♣ér✐♠❡♥t❛❧❡s ✭❛♠❜✐❣✉ïté ❞❛♥s ❧✬✐❞❡♥✲
t✐✜❝❛t✐♦♥ ❞✉ ♣❤♦s♣❤❛t❡✱ ❝♦✉♣❧❛❣❡ ❞✐♣♦❧❛✐r❡ ❛❧téré✮✱ ♠❛✐s ❛✉ss✐ ❧♦rs ❞✉ r❛✣♥❡♠❡♥t ❞❡s
♠♦❞è❧❡s ✭❧❡s ❧♦❣✐❝✐❡❧s ❞❡ r❛✣♥❡♠❡♥t ❞❡s ♠♦❧é❝✉❧❡s ♣r❡♥♥❡♥t ♣❛r ❞é❢❛✉t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥
❇■✮✳
❈❡tt❡ ❛♣♣r♦❝❤❡ r♦❜✉st❡ ❡t s✐♠♣❧❡ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r s✐ ✉♥❡ ♣r♦♣♦rt✐♦♥ s✐❣♥✐✜❝❛✲
t✐✈❡ ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❇■■ ❡st ♣rés❡♥t❡ ❞❛♥s ❧❛ str✉❝t✉r❡ ét✉❞✐é❡✳ ❈❡tt❡ ✐♥❢♦r♠❛t✐♦♥
♣❡r♠❡ttr❛ ❞❡ ❧❡✈❡r q✉❡❧q✉❡s ❛♠❜✐❣✉ïtés ❞❛♥s ❧❛ rés♦❧✉t✐♦♥ ❞❡s str✉❝t✉r❡s✱ ❡t ♣❡r♠❡t✲
tr❛ ❧❛ ♣r♦♣♦s✐t✐♦♥ ❞❡s ❞❡✉① ♠♦❞è❧❡s ❛❧t❡r♥❛t✐❢s ❛✈❡❝ ✉♥❡ ❜♦♥♥❡ ✐♥❞✐❝❛t✐♦♥ q✉❛♥t ❛✉①
♣r♦♣♦rt✐♦♥s ❞❡ ❝❤❛q✉❡ ét❛t✳
■❧ r❡st❡ à ét❡♥❞r❡ ❝❡tt❡ ét✉❞❡ à ✉♥ ❡♥s❡♠❜❧❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❡ str✉❝t✉r❡s ♣✉✐s à
❧✬✐♥té❣r❡r ❞❛♥s ❧❡s ❧♦❣✐❝✐❡❧s ❞❡ r❛✣♥❡♠❡♥t ❞❡ ❘▼◆✳
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Abstract
Molecular dynamics (MD) simulations of four water-solvated DNA duplexes were used to
generate  a  database  of  ~27000  dinucleotide  conformations.  Analyzing  this  database,  we
investigated  the  relationship  between  so-called  BI-BII  transitions  and  short-range interproton
distances.  Four  H-H  distances  were  found  particularly  sensitive  to  BI-BII  transitions:
internucleotide  H1'(n)-H68(n+1),  H2'(n)-H68(n+1),  and  H2"(n)-H68(n+1),  and  intranucleotide
H2"(n)-H68(n). Determination of these distances using classical NOESY spectroscopy can thus
provide  valuable  indications  on  the  existence  of  BII  substates,  complementing  the  existing
method based on 31P chemical shifts and 31P-1H spin-spin-coupling constants.
Introduction
DNA flexibility  is  an important  element  of  DNA-drug  and DNA-protein  interactions.
Protein recognition of DNA usually involves transitions of both partners from their lowest-energy
conformations  to  higher  "substates".  One  substate  frequently  implicated  in  protein-DNA
recognition is the so-called BII conformation of DNA (1-6).  It  differs  from the canonical BI
conformation in the two torsion angles ε and ζ (see Figure 1) which are trans/gauche- in BI and
gauche-/trans in BII.  First  reports  of BII conformations  in DNA came from crystallographic
studies  (7).  Several  later  NMR  studies  provided  evidence  for  the  existence  of BI    BII
equilibria in solution (4,8-10). Recognition proteins alter BI  BII equilibria, and the structural
aspects of this recognition are subject of current research (1,6,11,12). So far, detection of BII
substates  in  solution  has  relied  upon  measurements  of  3JH3'-P spin-spin  coupling  constants
and/or  31P chemical  shifts,  δP (9).  3JH3'-P is  related to the torsion angle  ε via the "modified
Karplus equation" (13), while  δP depends on  ζ, undergoing a downfield shift when  ζ p a sses
from  gauche-  (BI) to  trans  (BII) (14). However, not always can the P and H3' resonances be
assigned;  in  addition,  there  are  ambiguities  in  relating  δP and  3JH3'-P to  BI  or  BII  (15).
Therefore, additional indications, allowing an NnpNn+1 step between the nucleotides Nn (5'-side)
and Nn+1(3'-side) to be assigned to BI or BII (or to a mixture of both), would be desirable. 
Fedoroff et al (16) and Hartmann et al (17,18) investigated previously the dependence of
proton internucleotide distances on B-DNA conformation and found strong correlation between
some of the H-H distances and helicoidal parameters. Since the helicoidal parameters are, in turn,
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sensitive to BI→BII backbone transitions, it should be possible to find a direct link between H-H
distances and the torsion angles  and .  In a search for such a link, we have analyzed in theε ζ
present  work  1766  energy-minimized  structures  obtained  from  molecular  dynamics  (MD)
simulations of four oligonucleotides explicitly solvated in water. We present here the results of
this analysis which suggest that four short-range interproton distances are particularly sensitive to
BI→BII transitions. Thus, measurement of these distances by NOESY techniques is suggested to
be a valuable complement to 31P NMR spectroscopy for the detection of BII substates.
Methods
The MD simulations (7.5-10 ns long) were performed on four DNA duplexes (Na+ salts)
solvated  in  3600-3700  TIP3P  H2O  molecules:  d(TCCGGGTTCT)2,  d(TCCGGATTCT)2,  d
(GACTTTCCAGGGT)2,  and  d(GCTGGGGACTTT)2.  The  calculations  used  the  AMBER6.0
package (19) with the parm98 force-field (20). All details of the simulations were as described
previously (21). Snapshots were taken every 20 ps and energy-minimized using the Generalized
Born solvation model (22) with an rms gradient of 0.05 kcal.mol-1Å-1 as convergence criterion.
The 39 crystal structures with resolution of at least 2.0 Å selected from the NDB are listed in
Table S1. Hydrogen atoms were added with the PROTONATE module of AMBER and their
position  were  refined  by  a  belly  energy  minimization.  The  MD and  X-ray  structures  were
analyzed using CURVES (23).
Results and Discussion
The sequences of the four oligonucleotides whose MD simulations were used to generate
our structural database contained 14 of the 16 possible dinucleotide steps (all except GpC and
TpA). In the 1766 energy-minimized structures, each dinucleotide step (except for the terminal
steps which were discarded) was classified as BI (ε-ζ ≤ 0) or BII (ε-ζ > 0). This provided us with
a database of 22212 BI and 4766 BII dinucleotide steps.
For  all  the  dinucleotides  of  this  database,  we  determined  the  Hx(n)-H68(n+1)
internucleotide sugar-base distances observable by NMR (Hx stands for the sugar protons H1',
H2',  H2",  and H3'; H68 indicates the base proton H6 or H8). In addition,  we considered the
intranucleotide  interproton  Hx-H68  distances  for  both  nucleotides  n  and  n+1.  The  average
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distances calculated for both the BI and the BII ensembles of dinucleotide steps are shown in
Table 1. We observe that all the four internucleotide distances change significantly between BI
and BII. This is related to the structural changes within the 5'-nucleotide (i.e., changes in sugar
pucker  and  the  glycosidic  torsion  angle  χ)  and  to  the  increase  of  twist  in  the  BII  substate
(15,17,24). Whereas H3'(n)-H68(n+1) is at the detection limit, the other three distances can be
measured using NOESY techniques. Of the intranucleotide distances,  H2"(n)-H68(n) shows a
significant  change.  Thus,  in  a  window between 2.5 and 4.5 Å readily  accessible  to  NOESY
measurements,  four  interproton  distances  can  be  used  to  discriminate  between  BI  and  BII
substates:  H1'(n)-H68(n+1),  H2'(n)-H68(n+1),  H2"(n)-H68(n+1),  and  H2"(n)-H68(n)  (Figure
1A).
Because of fluctuations of the four distances (see the standard deviations in Table 1), and
because of the intrinsic inaccuracy of the interproton distance measurement (25,26), one distance
will generally not suffice for a safe distinction between BI and BII. However, Table 1 suggests
that  it  is  possible  to  consider  two  or  more  distances  simultaneously  and  increase  thus  the
resolution between BI and BII beyond the fluctuations. This is illustrated in Figures 2A-C, where
the  H1'(n)-H68(n+1)  distance  is  plotted  against  each  of  the  three  other  distances.  There  is
virtually no overlap between BI and BII domains. Thus, the distinction between predominantly
BI and predominantly BII conformations should be straightforward, provided that the distance
H1'(n)-H68(n+1) and one of the three other distances can be determined. In the case that H1'(n)-
H68(n+1) cannot be measured,  the plot of the distances H2"(n)-H68(n) and H2'(n)-H68(n+1)
against each other (Figure 2D) can be used. Figure 2 also reveals the effect of groups adjacent to
the phosphate in consideration. For instance, an N sugar pucker 5' to a BI phosphate manifests
itself in extremely large H1'(n)-H68(n+1), H2"(n)-H68(n+1), and H2"(n)-H68(n) distances, and a
very short H2'(n)-H68(n+1) distance.
An even better separation of the BI and BII domains than that in Figure 2 was achieved by
exploiting the "antagonism" between the distances H2"(n)-H68(n) and H2"(n)-H68(n+1). In BI,
H2"(n)-H68(n) is considerably larger than H2"(n)-H68(n+1), whereas in BII, the intranucleotide
distance  becomes  shorter  and  the  internucleotide  distance  longer,  making  both  distances
comparable (Table 1). Figure 3 shows a plot of the difference between the H2"(n)-H68(n) and
H2"(n)-H68(n+1) distances against the distance H1'(n)-H68(n+1); the BI and BII domains are
obviously still better separated than in Figure 2. An additional advantage of Figure 3 is that the
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difference  between two distances  is  generally  more  precisely  determined  than the  individual
distances. 
The structures that we analyzed and represented in Figures 2 and 3 are snapshots from
MD simulations that have been energy-minimized. In real aqueous solutions, thermal movement
provides  enough  kinetic  energy  to  cross  the  activation  barrier  between  BI  and  BII,  and
phosphates show generally BI  BII equilibria. In order to examine whether Figure 3 could be
used to predict the composition of such an equilibrium, we calculated the centers of gravity for
both the BI and BII ensembles in Figure 3 and joined them by a straight line, as shown. For all
the non-terminal dinucleotide steps present in the four oligonucleotides (64 steps), we simulated
the NOE-determined time average for each of the three distances as <r-6>-1/6 over all  energy-
minimized snapshots. With these "experimental" distances, we then calculated for each of the 64
steps the difference between H2"(n)-H68(n) and H2"(n)-H68(n+1), and plotted it against H1'(n)-
H68(n+1) into Figure 3. This yielded one point for each of the 64 steps; an arbitrary example is
labeled "P" in Figure 3. The obtained point was projected on the straight line and the x coordinate
of the projection, xP, was used, together with the x-coordinates of the gravicenters, xBI and xBII, to
calculate the percentage of BII according to Eq. (1). 
%BII(NOE) = 100*(xBI - xP)/( xBI - xBII) (1)
If the projected point lay outside the segment delimited by the two centers of gravity, %
BII(NOE) was considered to be 0 (if xP > xBI) or 100 (if xP < xBII), respectively. The calculated %
BII(NOE) value is plotted in Figure 4 against the fraction of snapshots having the phosphate in
consideration in the BII state, %BII(MD). In this plot, %BII(NOE) simulates the fraction that the
spectroscopist would determine from NOE integration, and %BII(MD) the actual BII fraction. It
can  be  seen  that  the  correlation  between the  two  values  is  fairly  good,  which  suggests  that
measuring  the  three distances  H2"(n)-H68(n),  H1'(n)-H68(n+1),  and H2"(n)-H68(n+1)  should
suffice to detect not only pure BII steps but even steps with a partial population of BII.
The structures analyzed in this work were refined using the forcefield parm98 of AMBER
(20). They could therefore be, in principle, biased by this forcefield. As a check, we analyzed the
X-ray structures of oligonucleotides available from the Nucleic Acids Data Bank (NDB) having
at  least  2.0  Å resolution  (39 structures;  discarding  terminal  steps  yielded  a  database  of  548
dinucleotide steps which contained all the 16 possible dinucleotide sequences). Figure 5 displays
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the plot analogous to that shown in Figure 3 for these crystal structures. The regions occupied by
the different conformational domains are similar to those seen in Figure 3. The exception is the
BII.BII  conformation  (i.e.,  BII with  the  face-to-face  phosphate  being also  BII;  green  points)
which in the crystal structures has a subdomain characterized by significantly longer H1'(n)-H68
(n+1)  and  H2"(n)-H68(n+1)  internucleotide  distances.  A  detailed  analysis  revealed  that  this
subdomain  contains  exclusively  CpA/TpG  sequences  at  penultimate  positions,  whose  very
particular  structure  has  been noted  previously  (27,28).  Whether  these  unusual  conformations
reflect specific sequence effects, crystal packing or influence of counter-ions, is not clear at this
moment.  Overall,  the  crystal  structures  confirm  the  results  that  we  obtained  from  the  MD
simulations.
We wish to caution that he present analysis involves specifically DNA oligonucleotides
belonging to the B-DNA family. Strong deviations from B-DNA type structure, e.g., towards A-
DNA, can significantly  alter  proton-proton distances,  as exemplified for the H1'(n)-H68(n+1)
distance in Table 2 of Ref. (29). In such cases, alteration in interproton distances arising from
changes in the  ε and  ζ torsion angles will be overlayed by those originating in changes of the
gross helical structure.
In Table 1, Figure 3, and Eq. 1, we have delineated simple rules allowing BII substates to
be detected on the basis  of routine  NOESY measurements  of intra-  and internucleotide H-H
distances. We believe that these rules provide a valuable complement to the current  methods
distinguishing BI from BII on the basis of δP and 3JH3'-P. Our analysis was performed using a
large number of different dinucleotide steps in different environments, and the derived rules are
therefore sequence-unspecific. A refined analysis taking sequence effects into account is under
progress.
Supplementary Material
Table S1: Listing the sequences and references of the 39 crystal structures selected from the NDB
for analysis of dinucleotide steps are available at JBSD Online.
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Figure Legends
Figure 1. A: Atom and torsion angle labeling for a DNA dinucleotide.  The four interproton
distances H1'(n)-H68(n+1), H2'(n)-H68(n+1), H2"(n)-H68(n+1), and H2"(n)-H68(n) are marked
with dashed lines.  B: Drawings of a DNA dinucleotide in BI and BII conformations, with the
hydrogen atoms omitted for clarity.
Figure  2A-D.  Two-dimensional  plots  of  interproton  distances  occurring  in  the  ensemble  of
26978 dinucleotide steps from four MD simulations. Each point represents one dinucleotide step
and the color code indicates its conformation. Blue: BI, 5'-sugar S, 3'-phosphate BI. Orange: BI,
5'-sugar E, 3'-phosphate BI. Black:  BI, 5'-sugar N, 3'-phosphate BI. Magenta:  BI, 3'-phosphate
BII.  Red:  BII,  face-to-face  phosphate BI.  Green:  BII,  face-to-face  phosphate BII.  The sugar
pucker assignment was based on the phase angle P: N, P<60°; E, 60° P<115°; S, 115° P<220°.≤ ≤
Figure 3. Two-dimensional plot of the difference between distances H2"(n)-H68(n) and H2"(n)-
H68(n+1) against the distance H1'(n)-H68(n+1). The ensemble of dinucleotide steps analyzed and
the color code are the same as in Figure 2. "+" indicate the centers of gravity of the BI and BII
domains.  P represents an example of a point that would be determined from the NOE-based
measurement  of  time-averaged distances  for  a  given  dinucleotide  step.  Its  projection  on  the
straight line connecting the two centers of gravity yields xP, which is used in Eq. (1) to calculate
%BII.
Figure 4. Correlation of the actual BII fractions %BII(MD) occurring in the 64 dinucleotide steps
with  the  "NOE-based"  BII  fractions  %BII(NOE),  calculated  on  the  basis  of  the  r-6-averaged
distances H2"(n)-H68(n), H1'(n)-H68(n+1), and H2"(n)-H68(n+1), using Figure 3 and Eq. (1) as
described in the text. The dashed line corresponds to the equality %BII(NOE) = %BII(MD).
Figure 5. Two-dimensional plot analogous to that in Figure 3, for the ensemble of non-terminal
dinucleotide steps of the 39 crystal structures selected from the NDB. See Figure 2 for the color
code.
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Table 1. Interproton distances averaged over the BI and BII ensembles of dinucleotide steps occurring in the 1766
energy minimized snapshots from MD simulations of 4 oligonucleotides.
Distance / Å
BI BII
H1' (n)-H6/H8 (n) 3.82 (08) 3.81 (07)
H2' (n)-H6/H8 (n) 2.40 (23) 2.30 (09)
H2'' (n)-H6/H8 (n) 3.78 (18) 3.18 (16)
H3' (n)-H6/H8 (n) 4.18 (31) 4.65 (10)
H1' (n)-H6/H8 (n+1) 3.95 (41) 2.82 (17)
H2' (n)-H6/H8 (n+1) 3.41 (36) 4.59 (25)
H2'' (n)-H6/H8 (n+1) 2.48 (31) 2.99 (32)
H3' (n)-H6/H8 (n+1) 4.95 (31) 4.38 (14)
H1' (n+1)-H6/H8 (n+1) 3.80 (08) 3.88 (06)
H2' (n+1)-H6/H8 (n+1) 2.39 (24) 2.36 (12)
H2'' (n+1)-H6/H8 (n+1) 3.67 (30) 3.78 (11)
H3' (n+1)-H6/H8 (n+1) 4.25 (38) 4.30 (18)
Number of steps 22212 4766
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Figure 1. A: Atom and torsion angle labeling for a DNA dinucleotide. The four interproton distances H1'(n)-H68
(n+1),  H2'(n)-H68(n+1),  H2"(n)-H68(n+1), and H2"(n)-H68(n) are marked with dashed lines.  B: Drawings of a
DNA dinucleotide in BI and BII conformations, with the hydrogen atoms omitted for clarity.
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Figure 2A-D. Two-dimensional plots of interproton distances occurring in the ensemble of 26978 dinucleotide steps
from  four  MD  simulations.  Each  point  represents  one  dinucleotide  step  and  the  color  code  indicates  its
conformation. Blue: BI, 5'-sugar S, 3'-phosphate BI. Orange: BI, 5'-sugar E, 3'-phosphate BI. Black: BI, 5'-sugar N,
3'-phosphate  BI.  Magenta:  BI,  3'-phosphate  BII.  Red:  BII,  face-to-face  phosphate  BI.  Green:  BII,  face-to-face
phosphate BII. The sugar pucker assignment was based on the phase angle P: N, P<60°; E, 60° P<115°; S, 115°≤
P<220°.≤
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D
Figure 3.  Two-dimensional plot of the difference between distances H2"(n)-H68(n) and H2"(n)-H68(n+1) against
the distance H1'(n)-H68(n+1). The ensemble of dinucleotide steps analyzed and the color code are the same as in
Figure 2. "+" indicate the centers of gravity of the BI and BII domains. P represents an example of a point that would
be determined  from the  NOE-based measurement  of  time-averaged  distances for  a  given  dinucleotide step.  Its
projection on the straight line connecting the two centers of gravity yields xP, which is used in Eq. (1) to calculate %
BII.
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Figure 4. Correlation of the actual BII fractions %BII(MD) occurring in the 64 dinucleotide steps with the "NOE-
based" BII fractions %BII(NOE), calculated on the basis of the r-6-averaged distances H2"(n)-H68(n), H1'(n)-H68
(n+1), and H2"(n)-H68(n+1), using Figure 3 and Eq. (1) as described in the text. The dashed line corresponds to the
equality %BII(NOE) = %BII(MD).
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Figure 5. Two-dimensional plot analogous to that in Figure 3, for the ensemble of non-terminal dinucleotide steps of
the 39 crystal structures selected from the NDB. See Figure 2 for the color code.
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Discrimination between BI and BII conformational substates of B-DNA
based on sugar-base interproton distances
Stéphane Teletchéa, Brigitte Hartmann, and Jiří Kozelka
SUPPLEMENTARY MATERIAL
Table S1. Sequences and references of the 39 crystal structures selected from the NDB for analysis of dinucleotide steps.
NDB code Sequence Resolution (Å) Ref.
bd0001  ACCGACGTCGGT 1,60 PROC.NAT.ACAD.SCI.USA V. 95 15194 1998
bd0005  CGCGAATTCGCG 1,75 BIOCHEMISTRY V. 37 16877 1998
bd0006_alpha *  CCAATTGG 1,15 ACTA CRYSTALLOGR., SECT.D V. 55 1495 1999
bd0006_beta *  CCAATTGG 1,15 ACTA CRYSTALLOGR., SECT.D V. 55 1495 1999
bd0007  CGCGAATTCGCG 1,10 J.AM.CHEM.SOC. V. 121 470 1999
bd0012  CGCGAATTCGCG 1,20 J.AM.CHEM.SOC. V. 121 3590 1999
bd0013  CGCGAATTCGCG 1,50 J.AM.CHEM.SOC. V. 121 3590 1999
bd0014  GCGAATTCGC 1,45 J.BIOL.CHEM. V. 274 24749 1999
bd0018  GCGAATTCGC 1,30 J.MOL.BIOL. V. 291 83 1999
bd0019  GCGAATTCGC 1,70 J.MOL.BIOL. V. 291 81 1999
bd0023  CCAGTACTGG 0,74 J.MOL.BIOL. V. 296 787 2000
bd0029  CGCGAATTCGCG 1,82 J.AM.CHEM.SOC. V. 122 1546 2000
bd0030_alpha *  CGCGAATTCGCG 0,95 BIOPOLYMERS V. 48 234 1998
bd0030_beta *  CGCGAATTCGCG 0,95 BIOPOLYMERS V. 48 234 1998
bd0033  CCAACGTTGG 1,00 J.MOL.BIOL. V. 301 915 2000
bd0034  CCAACGTTGG 1,00 J.MOL.BIOL. V. 301 915 2000
bd0035  CCAGCGCTGG 1,00 J.MOL.BIOL. V. 301 915 2000
bd0036  CCAGCGCTGG 1,00 J.MOL.BIOL. V. 301 915 2000
bd0037  CGAATTCG 0,89 J.BIOL.CHEM. V. 275 23034 2000
bd0038  CGCGAATTCGCG 1,43 BIOCHEMISTRY V. 39 3525 2000
bd0041  CGCGAATTCGCG 1,20 J.AM.CHEM.SOC. V. 122 11048 2000
bdf068  CTCGAG 1,90 BIOPHYS.J. V. 70 2857 1996
bdj017  CCAGGCCTGG 1,60 J.Mol.Biol. V. 210 369 1989
bdj019  CCAACGTTGG 1,40 J.MOL.BIOL. V. 217 177 1991
bdj025  CGATCGATCG 1,50 J.BIOL.CHEM. V. 266 8861 1991
bdj031  CGATTAATCG 1,50 J.MOL.BIOL. V. 225 379 1992
bdj036  CGATATATCG 1,70 BIOCHEMISTRY V. 31 8009 1992
bdj037  CGATATATCG 2,00 BIOCHEMISTRY V. 31 8009 1992
bdj051  CATGGCCATG 2,00 PROC.NAT.ACAD.SCI.USA V. 90 2930 1993
bdj052  CCAAGCTTGG 1,90 BIOCHEMISTRY V. 32 8923 1993
bdj060  CTCTCGAGAG 1,70 BIOCHEMISTRY V. 34 1022 1995
bdj061  CCACTAGTGG 1,95 NATURE V. 368 469 1994
bdj081_AB *  CAAAGAAAAG 1,85 J.MOL.BIOL. V. 269 811 1997
bdj081_CD *  CAAAGAAAAG 1,85 J.MOL.BIOL. V. 269 811 1997
bdj081_EF *  CAAAGAAAAG 1,85 J.MOL.BIOL. V. 269 811 1997
bdl001  CGCGAATTCGCG 1,90 PROC.NAT.ACAD.SCI.USA V. 78 2179 1981
bdl005  CGCGAATTCGCG 1,90 ACTA CRYSTALLOGR.,SECT.B V. 41 255 1985
bdl020  CGCGAATTCGCG 1,90 J.BIOMOL.STRUCT.DYN. V. 5 581 1987
bdl084  CGCGAATTCGCG 1,40 BIOCHEMISTRY V. 37 8341 1998
* crystals containing multiple conformations
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♠♦✐♥❞r❡ ♠❡s✉r❡ ✶✱✸✲●● ❬✺✼❪✱ ❧❡s ❞❡✉① ♣r❡♠✐❡rs ét❛♥t très ❞✐✣❝✐❧❡s à sé♣❛r❡r ❧✬✉♥ ❞❡
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▲❛ ♣❧❛t✐♥❛t✐♦♥ ❛ été ré❛❧✐sé❡ s✉r ❧❡ ❜r✐♥ ●❈❈●●●❚❈●❈ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ❝✐s♣❧❛t✐♥❡
❞♦♥t ❧❡s ❛♠♠✐♥❡s s♦♥t ♠❛rq✉é❡s ✭❝✐s✲❬Pt❈❧2✭15◆❍3✮2❪✮✳ ▲❡s ❞❡✉① ❛❞❞✉✐ts ♠❛❥❡✉rs ♦♥t
été sé♣❛rés ❡t ♣✉r✐✜és ♣❛r ❍P▲❈✱ ❧✬❛❞❞✉✐t ♣r✐♥❝✐♣❛❧ ●4✯●5✯●6 ❛ été ❤②❜r✐❞é ❛✈❡❝ s♦♥
❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡✳ ▲❡ ❞✉♣❧❡① ❛ été ét✉❞✐é ♣❛r ❘▼◆ ❡t s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡
♠♦❧é❝✉❧❛✐r❡✳
❈❡ ❝❤❛♣✐tr❡ ♣rés❡♥t❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ❘▼◆✱ ❧❛ ❝♦♥❢r♦♥t❛t✐♦♥
❛ ♣♦st❡r✐♦r✐ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡t ❧❛ ♣r❡♠✐èr❡ ♦❜s❡r✈❛t✐♦♥
❥❛♠❛✐s ❞é❝r✐t❡ ❞✉ ré❛rr❛♥❣❡♠❡♥t ❞❡ ❧✬❛❞❞✉✐t ●4✯●5✯●6 ✈❡rs ❧✬❛❞❞✉✐t ●4●5✯●6✯✳
✼✷
❈❤❛♣✐tr❡ ✶
Pré♣❛r❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é
▲❛ séq✉❡♥❝❡ ●●● ré❛❣✐t ❛✈❡❝ ❧❡ ❝✐s♣❧❛t✐♥❡ ♣♦✉r ❞♦♥♥❡r ❧✐❡✉ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❛✉①
♣♦♥t❛❣❡s ✐♥tr❛✲❜r✐♥ ✶✱✷ ❡t ✷✱✸✳ ❉❛♥s ✉♥❡ ét✉❞❡ ❞❡ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❞✉♣❧❡① ❞✬❆❉◆
♣❧❛t✐♥és ♣❛r ❧❛ ♣r♦té✐♥❡ ▲❊❋✲✶✱ à ❧❛q✉❡❧❧❡ ❥✬❛✐ ✐♥✐t✐❛❧❡♠❡♥t ♣❛rt✐❝✐♣é✱ ❧❡ ❉r✳ ❉r✉♠♠ ❛ ❢❛✐t
ré❛❣✐r ❧❡ ✷✵✲♠❡r ❚❈❚❈❈❚❚❈❈●●●❚❚❈❚❚❈❚❈ ❛✈❡❝ ❧❡ ❝✐s♣❧❛t✐♥❡✳ ◆♦✉s ❛✈♦♥s ♠✐s
❛✉ ♣♦✐♥t ❧❛ sé♣❛r❛t✐♦♥ ♣❛r ❍P▲❈ ❡♥ ♣❤❛s❡ ✐♥✈❡rs❡ ❞✉ ♠é❧❛♥❣❡ ré❛❝t✐♦♥♥❡❧ ❡t ✐s♦❧é ❞❡✉①
❢r❛❝t✐♦♥s ♠❛❥❡✉r❡s q✉❡ ♥♦✉s ❛✈♦♥s ♣✉ ✐❞❡♥t✐✜❡r ❝♦♠♠❡ ❧❡s ❛❞❞✉✐ts ✶✱✷ ●✯●✯● ❡t ✷✱✸
●●✯●✯ ❡♥ ✉t✐❧✐s❛♥t ❧❡ séq✉❡♥ç❛❣❡ ❞❡ t②♣❡ ▼❛①❛♠✲●✐❧❜❡rt✳ ▲❡ ♠ê♠❡ ♣r♦t♦❝♦❧❡ ❛ été ❛♣✲
♣❧✐q✉é à ❧❛ sé♣❛r❛t✐♦♥ ❞✉ ♠é❧❛♥❣❡ ré❛❝t✐♦♥♥❡❧ ❡♥tr❡ ❧❡ ❞é❝❛♥✉❝❧é♦t✐❞❡ ●❈❈●●●❚❈●❈
❡t ❧❡ ❝✐s♣❧❛t✐♥❡✳
P♦✉r ❧❛ ♣ré♣❛r❛t✐♦♥ ❞✉ ❞é❝❛♥✉❝❧é♦t✐❞❡ ❡♥ ❝♦♥❝❡♥tr❛t✐♦♥ s✉✣s❛♥t❡ ♣♦✉r ❧❛ ❘▼◆✱ ❧❡
s✐♠♣❧❡ ❜r✐♥ 5
′
✲●❈❈●●●❚❈●❈✲3
′
✭●●●✮ à ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ❞❡ ✷✳✶✵✲✹♠♦❧✳❧✲✶ ❛
été ♣❧❛t✐♥é ❡♥ ❧❡ ❢❛✐s❛♥t ré❛❣✐r ❛✈❡❝ ❧❡ ❝✐s♣❧❛t✐♥❡ ❞✐❝❤❧♦r♦ ❝✐s✲❬Pt❈❧✷✭✶✺◆❍✸✮✷ ❪ à ❧✬❛❜r✐ ❞❡
❧❛ ❧✉♠✐èr❡✱ à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ✸✼✝❈ ❡t ✉♥ ♣❍ ❛❥✉sté à ✹✱✺ ♣❛r ❍❈❧❖4✳ ▲❡ ✈♦❧✉♠❡ t♦t❛❧
❞✉ ❜❛✐♥ ré❛❝t✐♦♥♥❡❧ ❛ été ✜①é à ✷✺ ♠❧ ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ q✉❛♥t✐té ❞❡ ✼✱✺ ♠✐❝r♦♠♦❧❡s ❞✉
♠♦♥♦✲❜r✐♥ ♣❧❛t✐♥é✳
▲❛ ré❛❝t✐♦♥ ❛ été ✐♥✐t✐é❡ ❛✈❡❝ ✶ éq✉✐✈❛❧❡♥t ❞❡ ❝✐s♣❧❛t✐♥❡✱ ♣✉✐s ♣r♦❣r❡ss✐✈❡♠❡♥t✱ ♣❛r
❛❥♦✉t ❞❡ ✶✰✵✱✺✰✵✱✺ éq✉✐✈❛❧❡♥t✱ ❛♠❡♥é❡ à ✸ éq✉✐✈❛❧❡♥ts ♣♦✉r ✉♥❡ ❞✉ré❡ t♦t❛❧❡ ❞❡ ré❛❝t✐♦♥
❞❡ ✺✶ ❤❡✉r❡s✳ ▲❛ ré❛❝t✐♦♥ ❛ été s✉✐✈✐❡ ♣❛r ❍P▲❈ ✭✜❣✉r❡ ✶✳✶✮ ❡t ✐♥t❡rr♦♠♣✉❡ q✉❛♥❞ ❧❡s
♣r♦❞✉✐ts é❧✉❛♥ts ❛✈❛♥t ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ❞❡ ❞é♣❛rt ✭❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ♠♦♥♦✲❛❞❞✉✐ts
♣✉✐s ♣r♦❜❛❜❧❡♠❡♥t à ❞❡s ❛❞❞✉✐ts ♠✉❧t✐♣❧❛t✐♥és✮ ♦♥t ❝♦♠♠❡♥❝é à ♣r♦❣r❡ss❡r ♣❧✉s ✈✐t❡
q✉❡ ❧❡s ❞❡✉① ❝❤é❧❛t❡s ✐♥tr❛❜r✐♥ ♠❛❥❡✉rs✳ ▲❛ ✜❣✉r❡ ✶✳✶ ♣rés❡♥t❡ ❧❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧❛
♣❧❛t✐♥❛t✐♦♥ ❡t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡s ❛❞❞✉✐ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ré❛❝t✐♦♥✳ ❆✉
❞é❜✉t ❞❡ ❧❛ ♣❧❛t✐♥❛t✐♦♥✱ t♦✉s ❧❡s ♠♦♥♦ ❛❞❞✉✐ts ❛♣♣❛r❛✐ss❡♥t ✭●✶✯✱ ●✹✯✱ ●✺✯✱ ●✻✯ ❡t
●✾✯✮ ♠❛✐s ❧❡s ♠♦♥♦✲❛❞❞✉✐ts ●✹✯✱ ●✺✯✱ ●✻✯ ♣❡✉✈❡♥t s❡ ré❛rr❛♥❣❡r ❡♥ ❝❤é❧❛t❡s t❛♥❞✐s q✉❡
❧❡s ♠♦♥♦ ❛❞❞✉✐ts ●✶✯ ❡t ●✾✯ ♥❡ ♣❡✉✈❡♥t s❡ ré❛rr❛♥❣❡r ❡t s✬❛❝❝✉♠✉❧❡♥t✳ ❙❡✉❧s ❧❡s ❞❡✉①
❝❤é❧❛t❡s ●✹✯●5✯●6 ✭●✯●✯●✮ ❡t ●✹●5✯●6✯ ✭●●✯●✯✮ ♦♥t été sé♣❛rés ❡t ❝❛r❛❝tér✐sés
♣❛r ❧❡ séq✉❡♥ç❛❣❡ ❞❡ t②♣❡ ▼❛①❛♠✲●✐❧❜❡rt✳
✼✸
✼✹ ❈❍❆P■❚❘❊ ✶✳ P❘➱P❆❘❆❚■❖◆ ❉❊ ▲✬❆❉❉❯■❚ P▲❆❚■◆➱
▲❡s ❢r❛❝t✐♦♥s ❝♦♥t❡♥❛♥t ❧❡s ❛❞❞✉✐ts ●✯●✯● ❡t ●●✯●✯ ♦♥t été ❝♦❧❧❡❝té❡s✱ ❞✐❛❧②sé❡s✱
♣✉✐s ❧②♦♣❤✐❧✐sé❡s✳ ❆♣rès ❡st✐♠❛t✐♦♥ ♣❛r ❞❡♥s✐té ♦♣t✐q✉❡ ✭❝♦❡✣❝✐❡♥t ❞✬❡①t✐♥❝t✐♦♥ ♠♦❧❛✐r❡
ε ❂ ✽✽✸✵✵ ❧✳♠♦❧✲✶✳❝♠✲✶❬✷✺❪✮ s✉✐✈❛♥t ❧❛ ❧♦✐ ❞❡ ❇❡❡r✲▲❛♠❜❡rt ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ rés✐❞✉❡❧❧❡
❞❡s ❢r❛❝t✐♦♥s✱ ❧❛ ❢r❛❝t✐♦♥ ❝♦♥t❡♥❛♥t ❧❡ ❝❤é❧❛t❡ ●✹✯●5✯●6 ❛ été ❤②❜r✐❞é❡ ❛✈❡❝ ❧❡ ❜r✐♥
❝♦♠♣❧é♠❡♥t❛✐r❡ ✭ε ❂ ✽✽✾✵✵ ❧✳♠♦❧−1✳❝♠−1✮ ♣♦✉r ❢♦r♠❡r ❧❡ ❞✉♣❧❡① ✜♥❛❧✳
❋✐❣✳ ✶✳✶ ✕ ❊✈♦❧✉t✐♦♥ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✉ ❞é❝❛♥✉❝❧é♦t✐❞❡ ●❈❈●●●❚❈●❈ ❛✈❡❝ ❧❡ ❝✐s♣❧❛✲
t✐♥❡ ✭❝✐s✲❬Pt❈❧2✭15◆❍3✮2❪✮✳ ✶ éq✉✐✈❛❧❡♥t ❞✉ ❝✐s♣❧❛t✐♥❡ ❛ été ❛❥♦✉té ❛✉ t❡♠♣s t❂✵✱ ♣✉✐s
❛❞❞✐t✐♦♥ ❞❡ ✶ éq✉✐✈❛❧❡♥t à ✷✵❤ ♣✉✐s ✵✱✺ éq✉✐✈❛❧❡♥t à ✸✻❤ ❡t ✹✸❤✳ ▲❡ ❣r❛❞✐❡♥t ❍P▲❈
✉t✐❧✐sé ❝♦♠♠❡♥❝❡ à ✷✪ ❞✬❛❝ét♦♥✐tr✐❧❡ ♣✉✐s ❛✉❣♠❡♥t❡ ❞❡ ♠❛♥✐èr❡ ❡①♣♦♥❡♥t✐❡❧❧❡ à ✷✵ ✪
❥✉sq✉✬à ✷✺ ♠✐♥✉t❡s ✭♣r♦❣r❛♠♠❡ ✸ ❞✉ ❧♦❣✐❝✐❡❧ ❲❛t❡rs ▼✐❧❧❡♥✐✉♠✸✷ ✈❡r✳ ✸✳✵✺✳✵✶✮✳ ▲❡s
❝❤é❧❛t❡s s♦♥t sé♣❛rés ❡♥ ❍P▲❈ ❛✉ ❜♦✉t ❞❡ ✶✵ ♠✐♥✉t❡s✱ s♦✐t ✉♥ ♣♦✉r❝❡♥t❛❣❡ ❞✬❛❝ét♦✲
♥✐tr✐❧❡ ❞❡ ✽✪✳ ▲❡ ♣❛ss❛❣❡ ❞❡ ✽ à ✷✵ ✪ ♣❡r♠❡t ❞❡ r✐♥❝❡r ❧❛ ❝♦❧♦♥♥❡ ♣♦✉r ❡✛❡❝t✉❡r ✉♥❡
♥♦✉✈❡❧❧❡ ❛♥❛❧②s❡✳ ▲❡ s♦❧✈❛♥t ♦r❣❛♥✐q✉❡ ❡st ❝♦♥st✐t✉é ❞✬❛❝ét♦♥✐tr✐❧❡ ✭♠❛✐s ❡st ❞✐❧✉é ❞❛♥s
✺✵✪ ❞✬❡❛✉ ♣♦✉r ❢❛❝✐❧✐t❡r ❧✬❛♥❛❧②s❡✮✱ ❧❡ s♦❧✈❛♥t ❛q✉❡✉① ❝♦♥t✐❡♥t ❧✬❛❝ét❛t❡ ❞✬❛♠♠♦♥✐✉♠
✵✱✺ ▼ ❛❥✉sté à ♣❍ ✹✱✺✳
❈❤❛♣✐tr❡ ✷
❘▼◆ ❞❡ ❧✬❛❞❞✉✐t
▲❡ s♣❡❝tr♦❣r❛♣❤❡ ❞❡ ❘és♦♥❛♥❝❡ ▼❛❣♥ét✐q✉❡ ◆✉❝❧é❛✐r❡ ❞❡ t②♣❡ ❇r✉❦❡r ❇❳✲✻✵✵ ❛
été ✉t✐❧✐sé✳ ❊♥ r❛✐s♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❢❛✐❜❧❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ●✯●✯● ✭✷✺✵
µ♠♦❧✳❧−1✮✱ ✉♥ t✉❜❡ ❞❡ t②♣❡ ❙❤✐❣❡♠✐ ✭❙✐❣♠❛✲❆❧❞r✐❝❤✮ ❛ s❡r✈✐ ♣♦✉r ❧✬❛♥❛❧②s❡✱ ♣❡r♠❡tt❛♥t
❞✬❛tt❡✐♥❞r❡ ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❛♣♣❛r❡♥t❡ ❞❡ ✵✱✺ ♠▼ ❞❛♥s ❧❡ t✉❜❡✳ ▲❛ ❢r❛❝t✐♦♥ ●●✯●✯
♥✬❛ q✉❛♥t à ❡❧❧❡ ♣❛s ♣✉ êtr❡ ✉t✐❧✐sé❡✱ ❧❛ ♣✉r✐✜❝❛t✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ♥✬❛②❛♥t ♣❛s ♣❡r♠✐s
❞✬♦❜t❡♥✐r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ s✉✣s❛♥t❡ ♣♦✉r ❧✬❡①♣ér✐❡♥❝❡ ❘▼◆✳
✷✳✶ ❆♥❛❧②s❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥
▲✬✉t✐❧✐s❛t✐♦♥ ❝♦♠❜✐♥é❡ ❞❡s ❡①♣ér✐❡♥❝❡s ◆❖❊❙❨✱ ❈❖❙❨ ❡t ❚❖❈❙❨ ❡♥ ❉2❖ ❬✶✻✾✱ ✷✵✹✱
✷✵✺❪ ❛ ♣❡r♠✐s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ t♦✉s ❧❡s ♣r♦t♦♥s ♥♦♥ é❝❤❛♥❣❡❛❜❧❡s ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡
♥♦♥ ♣❧❛t✐♥é ❞❬✭●❈❈●●●❚❈●❈✮·✭●❈●❆❈❈❈●●❈✮❪ ✭●●●✮ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❍✺✬✴❍✺✑
✳ P♦✉r ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ♣❧❛t✐♥é ❬✭●❈❈●✯●✯●❚❈●❈✮·✭●❈●❆❈❈❈●●❈✮❪ ✭●✯●✯●✮ ❧❡s
♣r♦t♦♥s ✭①✮❍✺✬✴❍✺✑✱ ●✶❍✹✬✱ ●✶✶❍✹✬ ❡t ●✶✸❍✹✬ ❡t ●✶✾❍✹✬ ♥✬♦♥t ♣❛s ♣✉ êtr❡ ❛ss✐❣♥és✳
▲✬❡♥s❡♠❜❧❡ ❞❡s ❛ttr✐❜✉t✐♦♥s ❡st ♣rés❡♥té ❞❛♥s ❧❡s t❛❜❧❡❛✉① ✷✳✷ ❡t ✷✳✶✳
▲❡s ♣r♦t♦♥s ✐♠✐♥♦ é❝❤❛♥❣❡❛❜❧❡s ♦♥t été ❛ttr✐❜✉és à ♣❛rt✐r ❞❡s s♣❡❝tr❡s ❡♥r❡❣✐strés
à ✷✽✶ ❑ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ r❡♣r✐s ❞❛♥s ✾✵✴✶✵ ❍2❖✴❉2❖ ❡♥ s✉✐✈❛♥t ❧❡s ❝♦♥♥❡❝t✐✈✐tés ❞❡s
❛♠✐♥❡s ❞❡s ❝②t♦s✐♥❡s✱ ❞✉ ♣r♦t♦♥ ❍✷ ❞❡ ❧✬❛❞é♥✐♥❡ ❛✈❡❝ r❡s♣❡❝t✐✈❡♠❡♥t ❧❡✉rs ❣✉❛♥✐♥❡s ❡t
s❛ t❤②♠✐♥❡✳
P♦✉r ●✯●✯● ❧❡s ❝♦♥♥❡❝t✐✈✐tés séq✉❡♥t✐❡❧❧❡s ♣♦✉r ❍✶✬✴❍✷✬✴❍✷✑✭♥✮✲❍✻✴✽✭♥✰✶✮ ♦♥t
♣✉ êtr❡ ♦❜s❡r✈é❡s ♣♦✉r ❧❡s ❞❡✉① ❜r✐♥s✱ à ❧✬❡①❝❡♣t✐♦♥ ❞✉ s✐t❡ ❞❡ ♣❧❛t✐♥❛t✐♦♥ ♦ù ❧❡s s✐❣♥❛✉①
❞✬✐♥t❡r❛❝t✐♦♥ ♣♦✉r ❈✸❍✶✬✲●✹✯❍✽ ❡t ●✯✹❍✶✬✲●✯✺❍✽ s♦♥t ♠❛♥q✉❛♥ts ✭✈♦✐r t❛❜❧❡❛✉ ✷✳✶✱
✜❣✉r❡ ✷✳✶ ❡t ✜❣✉r❡ ✷✳✹✮✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s✱ s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ❢❛✐t❡s ♣♦✉r ❞s●✯●✯❆✱
s♦♥t ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❛❞❞✉✐ts ❆❉◆✭♣②●●✮✲Pt✳ ▲✬❛❜s❡♥❝❡ ❞✉ s✐❣♥❛❧ s✬❡①♣❧✐q✉❡ ♣❛r ❧❡
❞és❡♠♣✐❧❡♠❡♥t ❡♥tr❡ ❧❡s ❞❡✉① ❜❛s❡s ♣❧❛t✐♥é❡s ❡t ❡♥tr❡ ❧❛ ❜❛s❡ ♣❧❛t✐♥é❡ ✺✬ ❡t ❧❛ ♣②r✐♠✐❞✐♥❡
q✉✐ ❧❛ ♣ré❝è❞❡ ❬✽✼❪✳
✼✺
✼✻ ❈❍❆P■❚❘❊ ✷✳ ❘▼◆ ❉❊ ▲✬❆❉❉❯■❚
❋✐❣✳ ✷✳✶ ✕ ❱✉❡ ét❡♥❞✉❡ ❞✉ s♣❡❝tr❡ ◆❖❊❙❨ ❞❡ ❧❛ ré❣✐♦♥ ●✯●✯●✱ ❞❬✭●❈❈●✯●✯●❚❈●❈✮
· ✭●❈●❆❈❈❈●●❈✮❪✳ ▲❛ ✈✉❡ ♣rés❡♥t❡ ❧❡ ❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❞✉ ❜r✐♥ ♣❧❛t✐♥é ❞❛♥s ❧❛
ré❣✐♦♥ ❛rô♠❛t✐q✉❡✲❛♥♦♠ér✐q✉❡✳ ▲❡s ❝❡r❝❧❡s ❡♥ ♣♦✐♥t✐❧❧és ✐♥❞✐q✉❡♥t ❧❡s ♣✐❝s ♠❛♥q✉❛♥ts✳
▲❡s ♣✐❝s q✉✐ ♥❡ ❢♦♥t ♣❛s ♣❛rt✐❡ ❞✉ ❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❛♣♣❛rt✐❡♥♥❡♥t ❛✉ ❜r✐♥ ❝♦♠♣❧é✲
♠❡♥t❛✐r❡ ❡t ❛✉ ❞✉♣❧❡① ●●✯●✯✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ❡st ❞❡ ✵✱✺✵ ♠▼
❞❛♥s ✶ ▼ ◆❛❈❧❖4✱ ✸✵ ♠▼ t❛♠♣♦♥ ♣❤♦s♣❤❛t❡✱ ♣❍ ✻✱✵ ❡♥ ❉2❖ à ✸✵✺ ❑✳
✷✳✷ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♦❜s❡r✈és
▲❡ ❞és❡♠♣✐❧❡♠❡♥t ❡t ❧❡ ❜❛s❝✉❧❡♠❡♥t ❡♥tr❡ ❧❡s ❜❛s❡s ♣❧❛t✐♥é❡s ❞❛♥s ❧✬♦r✐❡♥t❛t✐♦♥
têt❡✲têt❡ s❡ ♠❛♥✐❢❡st❡ ♣❛r ✉♥ s✐❣♥❛❧ ◆❖❊ ❍✽✲❍✽ ❡♥tr❡ ❝❡s ❜❛s❡s ♣❧❛t✐♥é❡s ❞✬✐♥t❡♥s✐té
♠♦②❡♥♥❡✳ ❯♥ s✐❣♥❛❧ ◆❖❊ très ❢❛✐❜❧❡ ❡♥tr❡ ●✯✹❍✶✲●✯✺❍✽ ❡st ❛✉ss✐ ❧✬✐♥❞✐❝❛t❡✉r ❞✉
❞és❡♠♣✐❧❡♠❡♥t✳ ❚♦✉t❡s ❧❡s ❝♦♥♥❡❝t✐✈✐tés ❝♦♥❝❡r♥❛♥t ❧❛ ré❣✐♦♥ ❍✷✬✴❍✷✑✲❍✻✴❍✽✱ ❡♥ ❞é♣✐t
❞✉ ❞és❡♠♣✐❧❡♠❡♥t✱ s♦♥t ❡♥ ❝♦♥❢♦r♠✐té ❛✈❡❝ ❝❡❧❧❡s ♦❜s❡r✈é❡s ♣♦✉r ●✯●✯❆✳
▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s ❡♥tr❡ ❧❡ s♣❡❝tr❡ ✷❉ ◆❖❊❙❨ ❞❡ ●✯●✯● ❡t ❧❡s ❝♦♠✲
♣❧❡①❡s ♣②●✯●✯ s♦♥t ✿
✕ ✉♥ s✐❣♥❛❧ ❢❛✐❜❧❡ ♣♦✉r ❍✶✬✭♥✮✲❍✽✭♥✰✶✮ ❡t ❍✸✬✭♥✮✲❍✽✭♥✰✶✮ ❡♥tr❡ ❧❛ ❝②t✐❞✐♥❡ ❝♦♠✲
♣❧é♠❡♥t❛✐r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♣❧❛t✐♥é❡ ✭❈✶✼✮ ❡t ❧❛ ♣✉r✐♥❡ s✉✐✈❛♥t❡ ✭●✶✽✮ ❀
✕ ✉♥ s✐❣♥❛❧ ❍✸✬✭♥✮✲❍✽✭♥✰✶✮ ♠❛♥q✉❛♥t ❡♥tr❡ ❈✸ ❡t ●✯✹✳
▲❡ s✐❣♥❛❧ ❈✶✻❍✶✬✲❈✶✼❍✻ ❡♥tr❡ ❧❡s ❞❡✉① ❝②t✐❞✐♥❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡s ❣✉❛♥✐♥❡s ♣❧❛✲
t✐♥é❡s ❡st ♦❜s❡r✈é ❛✈❡❝ ✉♥❡ ✐♥t❡♥s✐té ♠♦②❡♥♥❡ ❛❧♦rs q✉❡ ❞❛♥s ❞✬❛✉tr❡s ét✉❞❡s ❧❡ ♣✐❝ ❛
✷✳✷✳ ❉➱P▲❆❈❊▼❊◆❚❙ ❈❍■▼■◗❯❊❙ ❖❇❙❊❘❱➱❙ ✼✼
❋✐❣✳ ✷✳✷ ✕ ❱✉❡ ét❡♥❞✉❡ ❞✉ s♣❡❝tr❡ ◆❖❊❙❨ ❞❡ ❧❛ ré❣✐♦♥ ●✯●✯●✱ ❞❬✭●❈❈●✯●✯●❚❈●❈✮
· ✭●❈●❆❈❈❈●●❈✮❪✳ ▲❛ ✈✉❡ ♣rés❡♥t❡ ❧❡ ❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❞✉ ❜r✐♥ ❝♦♠♣❧é♠❡♥t❛✐r❡
♥♦♥ ♣❧❛t✐♥é ❞❛♥s ❧❛ ré❣✐♦♥ ❛rô♠❛t✐q✉❡✲❛♥♦♠ér✐q✉❡✳ ▲❡s ♣✐❝s q✉✐ ♥❡ ❢♦♥t ♣❛s ♣❛rt✐❡ ❞✉
❝❤❡♠✐♥ ❞✬❛ttr✐❜✉t✐♦♥ ❛♣♣❛rt✐❡♥♥❡♥t ❛✉ ❜r✐♥ ♣❧❛t✐♥é ❡t ❛✉ ❞✉♣❧❡① ●●✯●✯✳ ▲❛ ❝♦♥❝❡♥tr❛✲
t✐♦♥ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ❡st ❞❡ ✵✱✺✵ ♠▼ ❞❛♥s ✶ ▼ ◆❛❈❧❖4✱ ✸✵ ♠▼ t❛♠♣♦♥ ♣❤♦s♣❤❛t❡✱
♣❍ ✻✱✵ ❡♥ ❉2❖ à ✸✵✺ ❑✳
♣❛r❢♦✐s ✉♥❡ ✐♥t❡♥s✐té ♠♦②❡♥♥❡ ❬✼✶✱ ✷✶✵❪✱ ♣❛r❢♦✐s ✉♥❡ ✐♥t❡♥s✐té ❢❛✐❜❧❡ ♦✉ ❡st ♠❛♥q✉❛♥t
❬✽✼❪✳ ❈❡❧❛ ♣❡✉t ✈❡♥✐r ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té q✉❡ ♣rés❡♥t❡ ❧❛ ♣❤❛s❡ ❞❡s s✉❝r❡s s✉r ❝❡s ❝②t✐❞✐♥❡s
✭♣rés❡♥té❡ ❞❛♥s ❬✹❪✱ ♣✳ ✷✼✷✮✳ ▲❛ ❞✐st❛♥❝❡ ❍✶✬✭♥✮✲❍✽✭♥✰✶✮ ❡st s❡♥s✐❜❧❡ à ❧❛ ♣❤❛s❡ ❞✉ s✉❝r❡
❞✉ ♥✉❝❧é♦t✐❞❡ ♥✱ ❡❧❧❡ ❡st ♣❧✉s ❧♦♥❣✉❡ q✉❛♥❞ ❧❡ s✉❝r❡ ❡st ❡♥ ♣❤❛s❡ ◆ ❬✶✽✺❪✳ ■❧ s❡♠❜❧❡ ❞♦♥❝
q✉❡ ❈✶✻ ❛✐t ✉♥ ❝❛r❛❝tèr❡ ♣❧✉s ◆ ❞❛♥s ❧❡ ❝❛s ❞❡ ●✯●✯❆ ❬✽✼❪ q✉❡ ♣♦✉r ●✯●✯● ✭✈♦✐r
❝✐✲❞❡ss♦✉s✮✳
❆ ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✭✷✽✶ ❑✮ ❧❡s ❝♦✉♣❧❛❣❡s ✐♠✐♥♦✲✐♠✐♥♦ ❚✼❍✸✲●✻❍✶ ❡t ❚✼❍✸✲
●✶✸❍✶ s♦♥t ♣rés❡♥ts✱ t❛♥❞✐s q✉❡ ❧❡ ❝♦✉♣❧❛❣❡ ●✹❍✶✲●✺❍✶ ❡st ♠❛♥q✉❛♥t ❡t ❧❡ ❝♦✉♣❧❛❣❡
●✺❍✶✲●✻❍✶ ❡st très ❢❛✐❜❧❡✳
▲❡s t❛❜❧❡❛✉① ✷✳✶ ❡t ✷✳✷ ✐♥❞✐q✉❡♥t ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡
♣❧❛t✐♥é ●✯●✯● ❡t ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ♥♦♥ ♣❧❛t✐♥é✳ ▲❡ ❞✉♣❧❡① ♣❧❛t✐♥é ♣rés❡♥t❡ t♦✉t❡s
❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❝♦♠♣❧❡①❡s ♣②●✯●✯ ré❢ér❡♥❝é❡s ❞❛♥s ❬✹❪✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡s ❞❡✉①
♣r♦t♦♥s ❍✽ ❞❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s s♦♥t ❞é❜❧✐♥❞és✳ ▲❡✉rs ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s s♦♥t
❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❝♦♠♣❧❡①❡s ♣②●✯●✯ ✿ ✽✱✼ ♣♣♠ ♣♦✉r ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ✺✬ ❡t ✽✱✵✲✽✱✹
✼✽ ❈❍❆P■❚❘❊ ✷✳ ❘▼◆ ❉❊ ▲✬❆❉❉❯■❚
♣♣♠ ♣♦✉r ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ✸✬✳ ▲❡ ♣r♦t♦♥ ❍✷✬ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ❡♥ ✺✬ ❡t ❝❡❧✉✐ ❞❡
❧❛ ❝②t✐❞✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ s♦♥t ❜❧✐♥❞és ❝♦♠♠❡ ❧❡ s♦♥t ❝❡✉① ❞❡ ❧❛ ♠❛❥♦r✐té ❞❡s ❛❞❞✉✐ts
♣②●✯●✯ ❬✺✾❪ ❡t rés♦♥❡♥t r❡s♣❡❝t✐✈❡♠❡♥t à ✶✱✺✷ ❡t ✶✱✾✽ ♣♣♠ ✭t❛❜❧❡❛✉ ✷✳✶✱ à ❝♦rré❧❡r
❛✈❡❝ ❧❛ ✜❣✉r❡ ✶✸ ❞❡ ❬✺✾❪✮✳ ❈✬❡st ✉♥ ✐♥❞✐❝❛t❡✉r q✉❡ ❧❛ str✉❝t✉r❡ ❞❡ ●✯●✯● ♣♦ssè❞❡ ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s ❞❡s ❛✉tr❡s str✉❝t✉r❡s ❞❡ ♣②●✯●✯ ét✉❞✐é❡s ❥✉sq✉✬à ♣rés❡♥t
❬✹✾✱ ✺✻✱ ✼✶✱ ✽✼✱ ✶✷✾✱ ✷✶✵❪✳
❍✽✴❍✻ ❍✷✴❍✺✴❈❍✸ ❍✶✬ ❍✷✬ ❍✷✑ ❍✸✬ ❍✹✬ ❍✶✴❍✸ ❍✹✶ ❍✹✷
●✶ ✽✱✵✶ ✲ ✻✱✵✷ ✷✱✼✹ ✷✱✼✾ ✹✱✽✺ ✲ ✲ ✲ ✲
❈✷ ✼✱✻✶ ✺✱✹✺ ✻✱✵✸ ✷✱✸✵ ✷✱✺✵ ✹✱✽✹ ✹✱✷✻ ✲ ✽✱✸✼ ✻✱✹✽
❈✸ ✼✱✺✺ ✺✱✼✶ ✺✱✽✾ ✶✱✺✷ ✷✱✹✻ ✹✱✼✶ ✹✱✶✵ ✲ ✽✱✽✺ ✼✱✶✶
●✹✯ ✽✱✼✶ ✲ ✻✱✷✵ ✷✱✸✸ ✷✱✼✺ ✺✱✶✼ ✹✱✷✺ ✶✸✱✶✻ ✲ ✲
●✺✯ ✽✱✸✼ ✲ ✺✱✻✸ ✷✱✹✶ ✷✱✻✻ ✹✱✽✸ ✹✱✷✺ ✲ ✲ ✲
●✻ ✼✱✼✵ ✲ ✻✱✵✸ ✷✱✺✹ ✷✱✼✽ ✹✱✽✽ ✹✱✸✽ ✶✷✱✾✸ ✲ ✲
❚✼ ✼✱✸✻ ✶✱✸✵ ✻✱✶✸ ✷✱✷✶ ✷✱✺✻ ✹✱✾✷ ✹✱✷✽ ✶✸✱✼✾ ✲ ✲
❈✽ ✼✱✹✾ ✺✱✻✼ ✺✱✼✼ ✷✱✵✼ ✷✱✹✸ ✹✱✽✼ ✹✱✶✺ ✲ ✽✱✺✺ ✻✱✽✼
●✾ ✼✱✾✺ ✲ ✺✱✾✾ ✷✱✻✻ ✷✱✼✻ ✺✱✵✶ ✹✱✹✵ ✶✸✱✶✵ ✲ ✲
❈✶✵ ✼✱✹✾ ✺✱✺✷ ✻✱✷✸ ✷✱✶✾ ✷✱✷✶ ✹✱✺✸ ✹✱✵✽ ✲ ✲ ✲
❍✽✴❍✻ ❍✷✴❍✺✴❈❍✸ ❍✶✬ ❍✷✬ ❍✷✑ ❍✸✬ ❍✹✬ ❍✶✴❍✸ ❍✹✶ ❍✹✷
●✶✶ ✼✱✾✼ ✲ ✻✱✵✵ ✷✱✻✵ ✷✱✽✵ ✹✱✽✼ ✲ ✲ ✲ ✲
❈✶✷ ✼✱✹✶ ✺✱✹✷ ✺✱✼✹ ✷✱✵✻ ✷✱✹✸ ✹✱✽✾ ✹✱✷✵ ✲ ✽✱✺✷ ✲
●✶✸ ✼✱✾✸ ✲ ✺✱✻✼ ✷✱✼✼ ✷✱✽✹ ✺✱✵✻ ✲ ✶✷✱✾✷ ✲ ✲
❆✶✹ ✽✱✶✽ ✼✱✾✸ ✻✱✷✻ ✷✱✼✼ ✷✱✽✾ ✺✱✵✸ ✹✱✹✾ ✲ ✲ ✲
❈✶✺ ✼✱✸✷ ✺✱✸✷ ✺✱✽✻ ✷✱✵✽ ✷✱✹✽ ✹✱✼✺ ✹✱✶✻ ✲ ✽✱✸✶ ✻✱✼✹
❈✶✻ ✼✱✻✸ ✺✱✼✹ ✺✱✼✻ ✷✱✵✻ ✷✱✹✽ ✹✱✽✷ ✹✱✶✺ ✲ ✽✱✻✶ ✼✱✵✹
❈✶✼ ✼✱✺✸ ✺✱✻✹ ✺✱✻✺ ✶✱✾✽ ✷✱✸✶ ✹✱✽✷ ✹✱✵✼ ✲ ✽✱✻✻ ✻✱✽✸
●✶✽ ✼✱✽✾ ✲ ✺✱✼✷ ✷✱✼✷ ✷✱✼✾ ✺✱✵✵ ✹✱✹✶ ✶✷✱✾✽ ✲ ✲
●✶✾ ✼✱✼✾ ✲ ✻✱✵✸ ✷✱✺✾ ✷✱✼✽ ✺✱✵✵ ✲ ✲ ✲ ✲
❈✷✵ ✼✱✹✺ ✺✱✹✸ ✻✱✷✷ ✷✱✷✶ ✷✱✷✷ ✹✱✺✸ ✹✱✵✽ ✲ ✲ ✲
❚❛❜✳ ✷✳✶ ✕ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r 1❍ ❞✉ ❞✉♣❧❡① ♣❧❛t✐♥é ●✯●✯●✳ ❚♦✉s ❧❡s
s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺ ❑ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s s♣❡❝tr❡s ❞❡s ♣r♦t♦♥s é❝❤❛♥❣❡❛❜❧❡s
♣♦✉r ●✯●✯● ❡♥r❡❣✐strés à ✷✽✶ ❑✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ♦♥t ♣♦✉r ré❢ér❡♥❝❡ ❧❡ ❚❙P ✭❚r✐s✐❧②❧
▼ét❤②❧ P❤♦s♣❤❛t❡✮✳
▲❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ❞❡s ♣r♦t♦♥s ♥♦♥ é❝❤❛♥❣❡❛❜❧❡s ❞❡
●✯●✯● ❡t ●✯●✯❆ ✭✜❣✉r❡ ✷✳✸✮ s✉❣❣èr❡ q✉✬✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s ❞❡✉① ❞✉♣❧❡①❡s ❡st
s✉r♣❡r♣♦s❛❜❧❡✳ ❉❡s ❞✐✛ér❡♥❝❡s s✐❣♥✐✜❝❛t✐✈❡s s♦♥t ♣rés❡♥t❡s ❡♥tr❡ ●✻✴❆✻ ❡t s✉r ❈✶✻✳
▲❛ tr❛♥s✐t✐♦♥ ❞❡ ❆ ✈❡rs ● ❡①♣❧✐q✉❡ ❧❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❡s ❞é♣❧❛❝❡♠❡♥ts
❝❤✐♠✐q✉❡s ❞❡s ♣r♦t♦♥s ❞✉ s✉❝r❡ ❬✶✾✵❪✳ ▲❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ❚✶✼ ♣♦✉r ❈✶✼ ✐♥❞✉✐t ✉♥
❡✛❡t ❞❡ ❝♦✉r❛♥t ❞❡ ❝②❝❧❡ ❞✐✛ér❡♥t ❬✼✸❪ q✉✐ ❡①♣❧✐q✉❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ❞é♣❧❛❝❡♠❡♥ts
❝❤✐♠✐q✉❡s✳ ▲❛ r❡ss❡♠❜❧❛♥❝❡ str✉❝t✉r❛❧❡ ❡♥tr❡ ●✯●✯● ❡t ●✯●✯❆ ❡st ❞❡ ♣❧✉s r❡♥❢♦r❝é❡
♣❛r ❧❡s s✐❣♥❛✉① ♦❜s❡r✈és ❞❛♥s ❧❡ s♣❡❝tr❡ ❘▼◆ ❞❡ 31P✳
✷✳✸✳ ❉■❋❋➱❘❊◆❈❊❙ ❊◆❚❘❊ P▲❆❚■◆➱ ❊❚ ◆❖◆ P▲❆❚■◆➱ ✼✾
❍✽✴❍✻ ❍✷✴❍✺✴❈❍✸ ❍✶✬ ❍✷✬ ❍✷✑ ❍✸✬ ❍✹✬ ❍✶✴❍✸ ❍✹✶ ❍✹✷
●✶ ✼✱✾✽ ✲ ✻✱✵✶ ✷✱✻✺ ✷✱✼✽ ✹✱✽✺ ✹✱✷✻ ✲ ✲ ✲
❈✷ ✼✱✺✸ ✺✱✹✷ ✻✱✵✾ ✷✱✶✽ ✷✱✹✾ ✹✱✽✽ ✹✱✷✼ ✲ ✽✱✸✹ ✻✱✹✺
❈✸ ✼✱✹✷ ✺✱✻✵ ✺✱✻✷ ✶✱✾✾ ✷✱✸✺ ✹✱✽✹ ✹✱✶✶ ✲ ✽✱✻✷ ✻✱✼✺
●✹ ✼✱✽✸ ✲ ✺✱✻✹ ✷✱✻✻ ✷✱✼✻ ✹✱✾✾ ✹✱✸✹ ✶✸✱✵✼ ✲ ✲
●✺ ✼✱✻✼ ✲ ✺✱✽✶ ✷✱✻✹ ✷✱✼✹ ✹✱✾✻ ✹✱✸✾ ✶✷✱✾✺ ✲ ✲
●✻ ✼✱✺✸ ✲ ✺✱✾✷ ✷✱✹✼ ✷✱✼✸ ✹✱✽✸ ✹✱✸✼ ✶✷✱✽✷ ✲ ✲
❚✼ ✼✱✷✽ ✶✱✷✻ ✻✱✵✺ ✷✱✶✷ ✷✱✺✷ ✹✱✽✻ ✹✱✷✹ ✶✸✱✻✺ ✲ ✲
❈✽ ✼✱✹✼ ✺✱✻✹ ✺✱✼✸ ✷✱✵✹ ✷✱✹✶ ✹✱✽✺ ✹✱✶✸ ✲ ✽✱✺✸ ✻✱✽✸
●✾ ✼✱✾✸ ✲ ✺✱✾✼ ✷✱✻✸ ✷✱✼✹ ✹✱✾✾ ✹✱✸✼ ✶✸✱✵✽ ✲ ✲
❈✶✵ ✼✱✹✻ ✺✱✹✽ ✻✱✷✵ ✷✱✶✾ ✷✱✶✽ ✹✱✺✵ ✹✱✵✻ ✲ ✲ ✲
❍✽✴❍✻ ❍✷✴❍✺✴❈❍✸ ❍✶✬ ❍✷✬ ❍✷✑ ❍✸✬ ❍✹✬ ❍✶✴❍✸ ❍✹✶ ❍✹✷
●✶✶ ✼✱✾✻ ✲ ✺✱✾✾ ✷✱✻✵ ✷✱✼✽ ✹✱✽✺ ✹✱✷✹ ✲ ✲ ✲
❈✶✷ ✼✱✸✾ ✺✱✹✵ ✺✱✼✶ ✷✱✵✷ ✷✱✸✾ ✹✱✽✼ ✹✱✶✼ ✲ ✽✱✹✾ ✻✱✹✽
●✶✸ ✼✱✾✶ ✲ ✺✱✻✶ ✷✱✼✷ ✷✱✽✶ ✺✱✵✸ ✹✱✸✻ ✶✷✱✽✼ ✲ ✲
❆✶✹ ✽✱✶✻ ✼✱✽✼ ✻✱✷✺ ✷✱✼✵ ✷✱✾✶ ✺✱✵✸ ✹✱✹✽ ✲ ✲ ✲
❈✶✺ ✼✱✷✸ ✺✱✷✹ ✺✱✼✾ ✷✱✵✸ ✷✱✹✷ ✹✱✼✹ ✹✱✶✽ ✲ ✽✱✵✷ ✻✱✹✽
❈✶✻ ✼✱✹✹ ✺✱✹✹ ✺✱✾✵ ✷✱✵✽ ✷✱✹✷ ✹✱✽✵ ✹✱✶✹ ✲ ✽✱✸✹ ✻✱✺✺
❈✶✼ ✼✱✹✵ ✺✱✺✼ ✺✱✺✼ ✶✱✾✽ ✷✱✸✹ ✹✱✽✷ ✹✱✵✾ ✲ ✽✱✺✾ ✻✱✼✹
●✶✽ ✼✱✽✺ ✲ ✺✱✻✺ ✷✱✻✽ ✷✱✼✻ ✹✱✾✾ ✹✱✸✹ ✶✸✱✶✻ ✲ ✲
●✶✾ ✼✱✼✻ ✲ ✺✱✾✾ ✷✱✺✹ ✷✱✼✹ ✹✱✾✼ ✹✱✸✽ ✶✸✱✶✷ ✲ ✲
❈✷✵ ✼✱✹✸ ✺✱✹✷ ✻✱✶✽ ✷✱✶✼ ✷✱✶✾ ✹✱✺✵ ✹✱✵✹ ✲ ✲ ✲
❚❛❜✳ ✷✳✷ ✕ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r 1❍ ❞✉ ❞✉♣❧❡① ♥♦♥✲♣❧❛t✐♥é ●●●✳ ❚♦✉s ❧❡s
s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺ ❑✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ♦♥t ♣♦✉r ré❢ér❡♥❝❡ ❧❡ ❚❙P
✭❚r✐s✐❧②❧ ▼ét❤②❧ P❤♦s♣❤❛t❡✮✳
✷✳✸ ❉✐✛ér❡♥❝❡s ❡♥tr❡ ♣❧❛t✐♥é ❡t ♥♦♥ ♣❧❛t✐♥é
▲❛ ✜❣✉r❡ ✷✳✹ ♣rés❡♥t❡ ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ♦❜s❡r✈é❡s s✉✐t❡ à ❧❛ ♣❧❛t✐♥❛t✐♦♥ ❞❡ ❧✬♦❧✐❣♦♥✉✲
❝❧é♦t✐❞❡✳ ■❧ ❛♣♣❛r❛ît ❝❧❛✐r❡♠❡♥t q✉❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts ♦❜s❡r✈és s♦♥t ❧♦❝❛❧✐sés ❛✉ ♥✐✈❡❛✉
❞✉ s✐t❡ ❞❡ ♣❧❛t✐♥❛t✐♦♥ ✭❈3✱ ●∗4✱ ●
∗
5✱ ❆6✮ ❡t s✉r ❧❡s ❜❛s❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡s ❣✉❛♥✐♥❡s
♣❧❛t✐♥é❡s ✭❈15✱❈16✮✳ ▲❛ ❞é❢♦r♠❛t✐♦♥ ❡♥❣❡♥❞ré❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❡st très
❧✐♠✐té❡✳
▲❡s ❞✐✛ér❡♥❝❡s ❞❡ ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s s♦♥t ♠♦✐♥s ✐♠♣♦rt❛♥t❡s q✉❡ ❝❡❧❧❡s rés✉❧✲
t❛♥t ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❆✲❃● ❡♥tr❡ ●✯●✯● ❡t ●✯●✯❆ ✭✜❣✉r❡ ✷✳✸✮✳
✽✵ ❈❍❆P■❚❘❊ ✷✳ ❘▼◆ ❉❊ ▲✬❆❉❉❯■❚
❋✐❣✳ ✷✳✸ ✕ ❉✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r ❧❡s ♣r♦t♦♥s ♥♦♥ é❝❤❛♥✲
❣❡❛❜❧❡s ❡♥tr❡ ●✯●✯● ❡t ●✯●✯❆✳ ▲❡s s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺❑ ✭●✯●✯●✮ ❡t
✷✾✽❑ ✭●✯●✯❆✮✳
❋✐❣✳ ✷✳✹ ✕ ❉✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r ❧❡s ♣r♦t♦♥s ♥♦♥ é❝❤❛♥✲
❣❡❛❜❧❡s ❡♥tr❡ ●✯●✯● ❡t ●●●✳ ▲❡s s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés à ✸✵✺❑ ✭●✯●✯●✮✳
✷✳✹ ❆ttr✐❜✉t✐♦♥ ❞❡s s✉❝r❡s
✷✳✹✳✶ P❤❛s❡ ❞❡s s✉❝r❡s
▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❡st ❝♦♥♥✉❡ ♣♦✉r ❛❧tér❡r ❧❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❞❡s ♥✉❝❧é♦✲
t✐❞❡s ♣❧❛t✐♥és ❬✹❪✳ ❉❛♥s t♦✉s ❧❡s ❝♦♠♣❧❡①❡s ♣②●✯●✯ ét✉❞✐és✱ ❧❛ ❣✉❛♥✐♥❡ ❡♥ ✺✬ ♣rés❡♥t❡
✷✳✹✳ ❆❚❚❘■❇❯❚■❖◆ ❉❊❙ ❙❯❈❘❊❙ ✽✶
✉♥❡ ♣❤❛s❡ q✉❛s✐ ❡①❝❧✉s✐✈❡♠❡♥t ◆✳ ▲❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣❤❛s❡ ✈❡rs ◆ ❛ été ♦❜s❡r✈é ♣❛r✲
t✐❡❧❧❡♠❡♥t ❬✽✼❪ ♦✉ ❝♦♠♣❧èt❡♠❡♥t ❬✶✷✾❪✱ ❧✬✉♥❡ ❞❡s ❝②t✐❞✐♥❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡s ❜❛s❡s
♣❧❛t✐♥é❡s ♣rés❡♥t❛♥t ❛✉ss✐ ✉♥ ❝❛r❛❝tèr❡ ◆ r❡♥❢♦r❝é ✭♣❛ssé ❡♥ r❡✈✉❡ ❞❛♥s ❬✹❪ ♣✳ ✷✼✷✮✳
P♦✉r ✈❛❧✐❞❡r ❝❡s ♦❜s❡r✈❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s ♣♦rté ✉♥❡ ❛tt❡♥t✐♦♥ t♦✉t❡ ♣❛rt✐❝✉❧✐èr❡ ❛✉
tr✐♥✉❝❧é♦t✐❞❡ ❝❡♥tr❛❧ ✭❈●✯●✯✮✲✭❈❈●✮✳
✷✳✹✳✷ ■♥❢♦r♠❛t✐♦♥s ✐ss✉❡s ❞❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡s ❏1′2′ ❡t
❏1′2′′
▲❡s s♣❡❝tr❡s ❉◗❋✲❈❖❙❨ ♦♥t été ❡♥r❡❣✐strés ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ s♦♥❞❡ ❝r②♦❣é♥✐q✉❡
q✉✐ ❛ ♣❡r♠✐s ❧❛ ♠❡s✉r❡ ❞❡ ♣r❡sq✉❡ t♦✉s ❧❡s ❝♦✉♣❧❛❣❡s ❏1′2′ ❡t ❏1′2′′ ✱ ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥
❞❡ ±✵✳✻✲✶✳✵ ❍③ ✭t❛❜❧❡❛✉ ✷✳✸✮✳ ▲❛ ♣❧✉♣❛rt ❞❡s ♥✉❝❧é♦t✐❞❡s ♦♥t ✉♥ ❝♦✉♣❧❛❣❡ ❏1′2′ ❞❡ ✶✵
❍③ ❡t ✉♥ ❝♦✉♣❧❛❣❡ ❏1′2′′ ❞❡ ✺ ❍③✱ ❝❛r❛❝tér✐st✐q✉❡s ❞✬✉♥❡ ♣❤❛s❡ ❙ ❞❛♥s ❧✬❆❉◆ ❇ ❬✶✻✵❪✳
●✹✯ ♣rés❡♥t❡ ✉♥ ♣❡t✐t ❝♦✉♣❧❛❣❡ ❏1′2′ ❞❡ ✶✱✾ ❍③ ❡t ✉♥ ❣r❛♥❞ ❝♦✉♣❧❛❣❡ ❏1′2′′ ❞❡ ✼✱✶ ❍③✱
❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ✉♥❡ ♣❤❛s❡ ❞❡ s✉❝r❡ ✶✵✵✪ ◆ ❬✶✻✵❪✳ ❉❡s ✈❛❧❡✉rs ✐♥t❡r♠é❞✐❛✐r❡s s♦♥t
♦❜s❡r✈é❡s ♣♦✉r ❈✸ ❡t ❈✶✺✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❈✸✱ ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡ s♦♥t ❏1′2′=✹✱✺ ❍③ ❡t ❏1′2′′=✽✳✵ ❍③✱
s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ♦❜s❡r✈é❡s ♣♦✉r ●✯●✯❆ ✭✹✱✺ ❍③ ❡t ✻✱✺ ❍③ ❬✽✼❪✮✳ ▲❛ ✈❛❧❡✉r ❏1′2′′ ♣❧✉s
✐♠♣♦rt❛♥t❡ ♣♦✉r ●✯●✯● ❡st ❧✬✐♥❞✐❝❛t❡✉r q✉❡ ❧✬éq✉✐❧✐❜r❡ ❡st ♣❧✉s ❞é♣❧❛❝é ✈❡rs ❧❛ ❝♦♥❢♦r✲
♠❛t✐♦♥ ◆ ❞❛♥s ❧❡ ❝❛s ❞❡ ●✯●✯● q✉❡ ♣♦✉r ●✯●✯❆✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦✲
❧é❝✉❧❛✐r❡ ✭✈♦✐r ❝✐✲❛♣rès✮ ✐♥❞✐q✉❡ ✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ♠❛❥♦r✐t❛✐r❡♠❡♥t ◆ ❛✈❡❝ ✉♥ ❛♥❣❧❡
♠♦②❡♥ ♣♦✉r ❧❛ ♣❤❛s❡ ❞❡ ✷✺✝❡t ✉♥❡ ❛♠♣❧✐t✉❞❡ ❞❡ Φm ❞❡ ✸✽✝✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡s ✈❛❧❡✉rs ❞❡
❏1′2′ ❡t ❏1′2′′ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✷✱✹ ❍③ ❡t ✽✱✻ ❍③✱ s❡❧♦♥ ❘✐♥❦❡❧ ❡t ❆❧t♦♥❛ ❬✶✻✵❪✳ ❊♥
s✉♣♣♦s❛♥t q✉❡ ❧❡s ✈❛❧❡✉rs ♦❜s❡r✈é❡s s♦♥t ❧❡ rés✉❧t❛t ❞✬✉♥ éq✉✐❧✐❜r❡ ◆✴❙ ❛✈❡❝ ✉♥❡ ❢❛✐❜❧❡
♣r♦♣♦rt✐♦♥ ❞❡ ❙ ✭P=✶✺✻✝✱ Φm=✸✺✝✱ J1′2′=✶✵✱✷ ❍③✱ J1′2′′=✺✱✼ ❍③ ❬✶✻✵❪✮✱ ❧❡ ❝❛❧❝✉❧ ✐♥❞✐q✉❡
q✉❡ ❧❛ ♣r♦♣♦rt✐♦♥ ✼✺ ✪ ◆✱ ✷✺ ✪ ❙ ❞♦♥♥❡ ♣♦✉r ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡ J1′2′ =✹✱✸
❍③ ❡t J1′2′′=✼✱✾ ❍③✳ ❈❡s ✈❛❧❡✉rs s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳
P♦✉r ●✯●✯❆✱ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ✻✵✲✼✵ ✪ ◆ ♣♦✉r ❈✸ ❛✈❛✐t été ❡st✐♠é❡✱ ♣♦✉r ●✯●✯● ❧❛
♣r♦♣♦rt✐♦♥ ❡st✐♠é❡ ❡st ❞♦♥❝ ❧é❣èr❡♠❡♥t ♣❧✉s ✐♠♣♦rt❛♥t❡✳
P♦✉r ❈✶✺✱ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ✭✈♦✐r ♣❧✉s ❜❛s✮ ✐♥❞✐q✉❡ ❞❡s tr❛♥✲
s✐t✐♦♥s ❡♥tr❡ ❙ ✭P=✶✷✺✝✱ Φm =✹✵✝✮✱ ◆ ✭P=✷✺✝✱ Φm =✸✺✝✮✱ ❡t ❊ ✭P=✼✺✝✱ Φm =✸✽✝✮✳ ▲❡s
❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡s ❝♦rr❡s♣♦♥❞❛♥t à ❝❡s tr♦✐s ❝♦♥❢♦r♠❛t✐♦♥s s♦♥t J1′2′ =✶✵✱✺ ❍③✱
J1′2′′ =✺✱✷ ❍③ ♣♦✉r ❙✱ J1′2′ =✼✱✶ ❍③✱ J1′2′′ =✽✱✷ ❍③ ♣♦✉r ❊ ❡t J1′2′ =✷✱✸ ❍③✱ J1′2′′ =✽✱✹
❍③ ♣♦✉r ◆ ❬✶✻✵❪✳ ❊♥ s✉♣♣♦s❛♥t q✉❡ ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡s ❝♦♥❢♦r♠❛t✐♦♥s s♦♥t ✼✸ ✪ ❞❡ ◆✱
✶✹✪ ❞❡ ❊ ❡t ❞❡ ✶✸ ✪ ♣♦✉r ❙✱ ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡s ❞❡✈✐❡♥♥❡♥t J1′2′ =✹✱✵ ❍③ ❡t
J1′2′′ =✽✱✵ ❍③✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳
✽✷ ❈❍❆P■❚❘❊ ✷✳ ❘▼◆ ❉❊ ▲✬❆❉❉❯■❚
❇❛s❡ ❏1′2′ ❏1′2′′ Σ1′ ❍✷✬✲❍✻✴✽a ❍✸✬✲❍✻✴✽a ❘❛t✐♦ ✪❙
●✶ ✲ ✲ ✲ ✷✱✻✶ ✹✱✺✸ ✵✱✺✽ ✾✼
❈✷ ✽ ✺✱✷ ✶✸ ✷✱✹✹ ✸✱✽✸ ✵✱✻✹ ✾✵
❈✸ ✹✱✺ ✽ ✶✶✱✹ ✸✱✵✸ ✸✱✷ ✵✱✾✺ ✹✹
●✹✯ ✶✱✾ ✼✱✶ ✶✵✱✹ ✸✱✼✹ ✷✱✺✺ ✶✱✹✼ ❁✵
●✺✯ ✽✱✽ ✹✱✹ ✶✸✱✺ ✷✱✾ ✹✱✵✾ ✵✱✼✶ ✽✷
●✻ ✲ ✲ ✲ ✷✱✽ ✹✱✽✺ ✵✱✺✽ ✾✻
❚✼ ✾✱✺ ✹✱✾ ✶✹✱✺ ✷✱✹✻ ✸✱✽✹ ✵✱✻✹ ✽✾
❈✽ ✾✱✼ ✺✱✷ ✶✹✱✾ ✶✱✽✸ ✸✱✵✺ ✵✱✻ ✾✹
●✾ ✲ ✲ ✲ ✶✱✾✾ ✸✱✺✾ ✵✱✺✺ ✾✾
❈✶✵ ✲ ✲ ✲ ✷✱✷ ✸✱✸ ✵✱✻✼ ✽✻
❇❛s❡ ❏1′2′ ❏1′2′′ Σ1′ ❍✷✬✲❍✻✴✽a ❍✸✬✲❍✻✴✽a ❘❛t✐♦ ✪❙
●✶✶ ✲ ✲ ✲ ✷✱✸✾ ✹✱✵✶ ✵✱✻ ✾✹
❈✶✷ ✶✵ ✺ ✶✻✱✸ ✶✱✽✻ ✹✱✷✺ ✵✱✹✹ ❃✶✵✵
●✶✸ ✲ ✲ ✲ ✷✱✷✷ ✹✱✺ ✵✱✹✾ ❃✶✵✵
❆✶✹ ✽✱✽ ✺✱✸ ✶✹ ✷✱✻✻ ✸✱✹✾ ✵✱✼✻ ✼✻
❈✶✺ ✹ ✼✱✼ ✶✷✱✹ ✷✱✾ ✸✱✸✹ ✵✱✽✼ ✻✹
❈✶✻ ✾✱✶ ✹✱✻ ✶✸✱✼ ✷✱✺✷ ✷✱✼ ✵✱✾✸ ✺✼
❈✶✼ ✶✶ ✹✱✹ ✶✺✱✽ ✷✱✹✺ ✹✱✽ ✵✱✺✶ ❃✶✵✵
●✶✽ ✲ ✲ ✲ ✷✱✻✽ ✸✱✽ ✵✱✼✶ ✽✷
●✶✾ ✲ ✲ ✲ ✷✱✼✸ ✹✱✷✽ ✵✱✻✹ ✾✵
❈✷✵ ✲ ✲ ✲ ✲ ✸✱✹✷ ✲ ✲
❚❛❜✳ ✷✳✸ ✕ ❈♦✉♣❧❛❣❡s s♣✐♥✲s♣✐♥ ❏1′2′ ✱ ❏1′2′′ ❡t Σ1′ ❞ét❡r♠✐♥és à ♣❛rt✐r ❞❡s s♣❡❝tr❡s
❉◗❋✲❈❖❙❨✱ ❞✐st❛♥❝❡s ✐♥t❡r✲♣r♦t♦♥s ❍✷✬✲❍✻✴✽ ❡t ❍✸✬✲❍✻✴✽ ❞ét❡r♠✐♥é❡s à ♣❛rt✐r ❞❡s
s♣❡❝tr❡s ◆❖❊❙❨✱ ❡t r❛t✐♦ H2
′−H6/8
H3′−H6/8
♣♦✉r ❧❡ ❞✉♣❧❡① ♣❧❛t✐♥é ●✯●✯●✳ ❯♥❡ ❡st✐♠❛t✐♦♥ ❞❡
❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ s✉❝r❡✱ ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞✉ r❛t✐♦ H2
′−H6/8
H3′−H6/8
✱ ❡st ♣rés❡♥té❡ ❞❛♥s ❧❛
❞❡r♥✐èr❡ ❝♦❧♦♥♥❡ ✭✈♦✐r ❧❡ t❡①t❡ ♣♦✉r ❧❡s ❡①♣❧✐❝❛t✐♦♥s ❞✉ ❝❛❧❝✉❧✮✳ a▲❡s ❞✐st❛♥❝❡s ✐♥t❡r
♣r♦t♦♥s ❍✷✬✲❍✻✴✽ ❡t ❍✸✬✲❍✻✴✽ ♦♥t été ♠♦②❡♥♥é❡s à ♣❛rt✐r ❞❡s tr♦✐s s♣❡❝tr❡s ◆❖❊❙❨ ✿
t❡♠♣s ❞❡ ♠é❧❛♥❣❡ ❞❡ ✷✵✵ ♠s à ✸✵✺ ❑ ❡♥ ❉2❖✱ t❡♠♣s ❞❡ ♠é❧❛♥❣❡ ❞❡ ✽✵ ♠s à ✸✵✺❑ ❡♥
❉2❖ ❡t t❡♠♣s ❞❡ ♠é❧❛♥❣❡ ❞❡ ✷✵✵ ♠s à ✷✽✶ ❑ ❡♥ ❍2❖✳ ❚♦✉t❡s ❧❡s ❞✐st❛♥❝❡s ♥✬♦♥t ♣❛s
♣✉ êtr❡ ♠❡s✉ré❡s ♣♦✉r ❝❤❛q✉❡ t❡♠♣s ❞❡ ♠é❧❛♥❣❡✳
✷✳✹✳✸ ■♥❞✐❝❛t✐♦♥s s✉r ❧❡s s✉❝r❡s à ♣❛rt✐r ❞❡s ❡①♣ér✐❡♥❝❡s ◆❖❊❙❨
▲❡s ❞✐st❛♥❝❡s ✐♥tr❛♥✉❝❧é♦t✐❞✐q✉❡s ❍✷✬✲❍✻✴✽ ❡t ❍✸✬✲❍✻✴✽ s♦♥t ❝♦rré❧é❡s ❛✈❡❝ ❧✬❛♥❣❧❡
❞❡ ♣❤❛s❡ P ❡t ❧✬❛♥❣❧❡ ❣❧②❝♦s✐❞✐q✉❡ χ ❬✷✵✹❪✳ ❈♦♠♠❡ ❛✉❝✉♥ s✉❝r❡ s②♥ ♥✬❛ été ❞ét❡❝té ❧♦rs
❞❡ ❧✬❛♥❛❧②s❡ ❞❡s s✉❝r❡s ❞❡ ●✯●✯●✱ ❝❡s ❞❡✉① ❞✐st❛♥❝❡s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❡st✐♠❡r
❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡s s✉❝r❡s ❬✶✻✵✱ ✷✵✹❪✳ ◆♦✉s ❛✈♦♥s ❝♦♠❜✐♥é tr♦✐s ❡①♣ér✐❡♥❝❡s ◆❖❊❙❨
♣♦✉r ❞ét❡r♠✐♥❡r ❧❡s ❞✐st❛♥❝❡s ♠♦②❡♥♥❡s ❍✷✬✲❍✻✴✽ ✭dH2′app✮ ❡t ❍✸✬✲❍✻✴✽ ✭dH3′app✮ à
♣❛rt✐r ❞❡ ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ✈♦❧✉♠❡s ◆❖❊✱ ❧❡ ✈♦❧✉♠❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❝②t✐❞✐♥❡ ❍✺✲❍✻ ✭✷✱✹✺
➴✮ s❡r✈❛♥t ❞❡ ré❢ér❡♥❝❡ ✭✈♦✐r t❛❜❧❡❛✉ ✷✳✸✮✳ ▲❡ r❛t✐♦
dH2′app
dH3′app
❛ ♣❡r♠✐s ❞❡ ❝❛❧❝✉❧❡r ❧❛
♣r♦♣♦rt✐♦♥ ❞❡ ❙ ❡♥ s✉♣♣♦s❛♥t ✉♥ éq✉✐❧✐❜r❡ ❡♥tr❡ ❧❡s ♣♦♣✉❧❛t✐♦♥s ◆ ❡t ❙✳
✷✳✹✳ ❆❚❚❘■❇❯❚■❖◆ ❉❊❙ ❙❯❈❘❊❙ ✽✸
❉❛♥s ✉♥❡ ❢r❛❝t✐♦♥ ❝♦♥t❡♥❛♥t ✉♥❡ ♣r♦♣♦rt✐♦♥ ①S ❞❡ ❧❛ ♣❤❛s❡ ❙ ❡t ✭✶✲①S✮ ❞❡ ❧❛ ♣❤❛s❡
◆ ❞✬✉♥ ♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ❞♦♥♥é✱ ❧❛ ❞✐st❛♥❝❡ ❛♣♣❛r❡♥t❡ dH2′−H6/8 ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡✱ ❡♥
❛❜s❡♥❝❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡ s♣✐♥✱ à ❬xS∗dH2′S−6+(1−xS)∗dH2′N−6❪− 16 ✱ ♦ù dH2′S ❡t dH2′N s♦♥t
r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❞✐st❛♥❝❡s ❍✷✬✲❍✻✴✽ ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❙ ♦✉ ◆✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡
❧❛ ❞✐st❛♥❝❡ ❛♣♣❛r❡♥t❡ dH3′app ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❬xS ∗ dH3′−6 +(1−xS) ∗ dH3′N−6❪− 16 ✱
♦ù dH3′S ❡t dH3′N s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❞✐st❛♥❝❡s ❍✸✬✲❍✻✴✽ ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❙ ♦✉ ◆✳
▲❛ r❛♣♣♦rt
dH2′app
dH3′app
❡st ❞é✜♥✐ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✶ ✿
dH2′app
dH3′app
=
(
xS ∗ dH2′S−6 + (1− xS) ∗ dH2′N−6
xS ∗ dH3′S−6 + (1− xS) ∗ dH3′N−6
)− 1
6
✭✷✳✶✮
▲❡s ✈❛❧❡✉rs ♠♦②❡♥♥❡s s♦♥t ✐ss✉❡s ❞❡s ❞♦♥♥é❡s ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡s ♠♦❞è❧❡s ♠✐♥✐✲
♠✐sés ❡①tr❛✐ts ❞❡ s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ❆▼❇❊❘ ✻ ❡t ♣❛r♠ ✾✽
✭✈♦✐r ♣❛rt✐❡ ■ ❡t ❬✶✽✺❪✮✳ ▲❡s ❞✐st❛♥❝❡s ♦❜t❡♥✉❡s s♦♥t dH2′S =✷✱✹✺ ± ✵✱✸✷ ➴✱ dH2′N =✸✱✷✼
± ✵✱✷✹ ➴✱ dH3′S =✹✱✹✾ ± ✵✱✷✻ ➴ ❡t dH3′N =✷✱✷✼ ± ✵✱✷✻ ➴✳ ❊♥ ✉t✐❧✐s❛♥t ❝❡s ✈❛❧❡✉rs
❡t ❧✬éq✉❛t✐♦♥ ✷✳✶ ♥♦✉s ❛✈♦♥s tr❛❝é ❧❡ r❛t✐♦
dH2′app
dH3′app
❡♥ ❢♦♥❝t✐♦♥ ❞❡ xS✳ ■❧ ❛♣♣❛r❛ît q✉❡
❧❛ ❝♦✉r❜❡ ❞❡ ré❣r❡ss✐♦♥ ❛ss♦❝✐é❡ ❡st q✉❛s✐♠❡♥t ❧✐♥é❛✐r❡✱ ❧❡ ❝❛❧❝✉❧ ♣❡✉t êtr❡ ❛♣♣r♦①✐♠é
❝♦♠♠❡ ❧❡ ♣rés❡♥t❡ ❧✬éq✉❛t✐♦♥ ✷✳✷ ✿
dH2′app
dH3′app
=
3, 27
2, 27
+ xS ∗
(
2, 45
4, 49
− 3, 27
2, 27
)
≃ 1, 44− 0, 89xS ✭✷✳✷✮
◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧✬éq✉❛t✐♦♥ ✷✳✷ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ♣♦✉r❝❡♥t❛❣❡s ❞❡ ❧❛ ♣❤❛s❡ ❙ ♣♦✉r
t♦✉s ❧❡s ♥✉❝❧é♦t✐❞❡s ❞❡ ❞s●✯●✯●✱ ❝❡s ♣♦✉r❝❡♥t❛❣❡s s♦♥t ♣rés❡♥tés ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✷✳✸✳
❚r♦✐s ✈❛❧❡✉rs s♦♥t s✉♣ér✐❡✉r❡s à ✶✵✵✪ ❡t ✉♥❡ ✐♥❢ér✐❡✉r❡ à ✵✪✳ ❈❡s ✈❛❧❡✉rs ❝❛❧❝✉❧é❡s s♦♥t
❝❡♣❡♥❞❛♥t ❜✐❡♥ ❡♥✲❞❡ss♦✉s ❞❡ ❧✬✐♥❝❡rt✐t✉❞❡ ❡①♣ér✐♠❡♥t❛❧❡ s✉r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥✱ ❡st✐♠é❡
à ✷✵✪✳
▲❛ ♣❧✉♣❛rt ❞❡s ♥✉❝❧é♦t✐❞❡s ❛ ✉♥ r❛t✐♦
dH2′−H6/8
dH3′−H6/8
❞❡ ✵✱✼ ♦✉ ♠♦✐♥s✱ ✐♥❞✐❝❛t❡✉r ❞✬✉♥❡
♣❤❛s❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❙✳ ●✯✹ ❞✬✉♥ ❛✉tr❡ ❝ôté ❛ ✉♥ r❛t✐♦ ❞❡ ✶✱✹✻✺ t②♣✐q✉❡ ❞✬✉♥❡ ♣❤❛s❡
◆✳ ❉❡s ✈❛❧❡✉rs ✐♥t❡r♠é❞✐❛✐r❡s s♦♥t ♦❜t❡♥✉❡s ♣♦✉r ❈✸✱ ❈✶✺ ❡t ❈✶✻✳ ▲❡s ❡①♣ér✐❡♥❝❡s
❉◗❋✲❈❖❙❨ ❛✈❛✐❡♥t ❞é❥à ✐♥❞✐q✉é q✉❡ ❈✸ ❡t ❈✶✺ ♣rés❡♥t❛✐❡♥t ✉♥ éq✉✐❧✐❜r❡ ◆⇋❙ t❛♥❞✐s
q✉❡ ❈✶✻ ❛✈❛✐t ❞❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡ J1′2′ ❡t J1′2′′ t②♣✐q✉❡s ❞✬✉♥ s✉❝r❡ ❙ ✭t❛❜❧❡❛✉
✷✳✸✮✳ ❈❡tt❡ ✐♥❝♦❤ér❡♥❝❡ ♣❡✉t tr♦✉✈❡r s♦♥ ♦r✐❣✐♥❡✱ ❡♥ ♣r✐♥❝✐♣❡✱ ❞❛♥s ❧❡s ♠❛r❣❡s ❞✬❡rr❡✉rs
❞❡s ❡①♣ér✐❡♥❝❡s ❉◗❋✲❈❖❙❨ ❡t ◆❖❊❙❨✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣♦✉r
●✯●✯❆ ❛ ✐♥❞✐q✉é q✉❡ ❈✶✻ ♣rés❡♥t❛✐t ❞❡ ❢réq✉❡♥t❡s tr❛♥s✐t✐♦♥s ❡♥tr❡ ❧❡s ❝♦♥❢♦r♠❛t✐♦♥s
◆ ❡t ❙ t❛♥❞✐s q✉❡ ♣♦✉r ●✯●✯● ✭✈♦✐r ♣❧✉s ❧♦✐♥✮ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❡st très ♠❛❥♦r✐t❛✐r❡♠❡♥t
◆✳ ❈❡s ❞♦♥♥é❡s s✉❣❣èr❡♥t q✉❡ ❈✶✻✱ ❧❛ ❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ ❧❛ ❜❛s❡ ♣❧❛t✐♥é❡ ❡♥ ✸✬✱
♣rés❡♥t❡ ✉♥ éq✉✐❧✐❜r❡ ◆⇋❙ ❞é♣❧❛❝é ✈❡rs ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥
❞✉ ❝✐s♣❧❛t✐♥❡✳
✽✹ ❈❍❆P■❚❘❊ ✷✳ ❘▼◆ ❉❊ ▲✬❆❉❉❯■❚
✷✳✺ ❉✐st❛♥❝❡s ❘▼◆
▲✬❛♥❛❧②s❡ ❞ét❛✐❧❧é❡ ❞✉ s♣❡❝tr❡ ❘▼◆ ❛ ♣❡r♠✐s ❞✬❡①tr❛✐r❡ ✷✷✹ ❞✐st❛♥❝❡s✳ ❈❡s ❞✐st❛♥❝❡s
s❡r♦♥t ❝♦♠♣❛ré❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t ❛✈❡❝ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
✷✳✻ ❘é❛rr❛♥❣❡♠❡♥t ❞❡ ❧✬❛❞❞✉✐t
▲❛ ♣✉r✐✜❝❛t✐♦♥ ♣❛r ❍P▲❈ ❛ ♣❡r♠✐s ❞✬✐s♦❧❡r ❧✬❛❞❞✉✐t ●✹✯●✺✯●✻ ✭✶✮ ❞❡ ❧✬❛❞❞✉✐t
●✹●✺✯●✻✯ ✭✷✮✳ ▲❡s ❡①♣ér✐❡♥❝❡s ❘▼◆ ré❛❧✐sé❡s à ❧❛ s♦rt✐❡ ❞❡ ❧❛ ♣✉r✐✜❝❛t✐♦♥ ♦♥t ♣❡r♠✐s
❞❡ ❞ét❡r♠✐♥❡r q✉❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞✉ ♣r❡♠✐❡r ❛❞❞✉✐t ét❛✐t ❛✉ ❞é❜✉t ❞❡ ❧✬❡♥r❡❣✐str❡♠❡♥t
❞❡s s♣❡❝tr❡s ❘▼◆ ❞✬❡♥✈✐r♦♥ ✾✵ ✪✳
▲❡ t❛❜❧❡❛✉ ✷✳✹ ♣rés❡♥t❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♦❜s❡r✈és ♣♦✉r ❧✬❛❞❞✉✐t ♠✐❣ré✳
❍✽✴❍✻ ❍✷✴❍✺✴❈❍✸ ❍✶✬ ❍✷✬ ❍✷✑ ❍✸✬ ❍✹✬ ❍✶✴❍✸ ❍✹✶ ❍✹✷
●✶ ✽✱✵✵ ✲ ✻✱✵✷ ✷✱✼✵ ✷✱✼✾ ✲ ✲ ✲ ✲ ✲
❈✷ ✼✱✺✺ ✺✱✹✹ ✻✱✶✵ ✷✱✷✵ ✷✱✺✵ ✹✱✽✾ ✲ ✲ ✽✱✹✷ ✻✱✺✸
❈✸ ✼✱✹✻ ✺✱✻✷ ✺✱✺✽ ✷✱✵✷ ✷✱✸✷ ✹✱✽✹ ✲ ✲ ✽✱✻✶ ✻✱✽✹
●✹ ✼✱✽✻ ✲ ✻✱✵✸ ✷✱✺✻ ✷✱✼✻ ✹✱✾✻ ✲ ✶✸✱✶✺ ✲ ✲
●✺✯ ✽✱✷✾ ✲ ✻✱✵✷ ✷✱✶✾ ✷✱✼✺ ✹✱✼✽ ✲ ✲ ✲ ✲
●✻✯ ✼✱✾✺ ✲ ✺✱✻✹ ✷✱✷✹ ✷✱✺✼ ✲ ✲ ✶✸✱✶✻ ✲ ✲
❚✼ ✼✱✺✵ ✶✱✸✷ ✻✱✶✼ ✷✱✷✺ ✷✱✺✻ ✹✱✾✶ ✹✱✷✼ ✶✸✱✾✼ ✲ ✲
❈✽ ✼✱✺✵ ✺✱✻✽ ✺✱✼✼ ✲ ✲ ✲ ✲ ✲ ✽✱✺✽ ✻✱✾✶
●✾ ✲ ✲ ✲ ✲ ✲ ✲ ✲ ✶✸✱✵✾ ✲ ✲
❈✶✵ ✲ ✲ ✲ ✲ ✲ ✲ ✲ ✲ ✲ ✲
❍✽✴❍✻ ❍✷✴❍✺✴❈❍✸ ❍✶✬ ❍✷✬ ❍✷✑ ❍✸✬ ❍✹✬ ❍✶✴❍✸ ❍✹✶ ❍✹✷
●✶✶ ✲ ✲ ✲ ✷✱✷✽ ✲ ✲ ✲ ✲ ✲ ✲
❈✶✷ ✼✱✹✷ ✺✱✹✷ ✺✱✼✼ ✲ ✲ ✲ ✲ ✲ ✲ ✻✱✺✷
●✶✸ ✼✱✾✹ ✲ ✺✱✼✷ ✲ ✲ ✲ ✲ ✶✷✱✾✹ ✲ ✲
❆✶✹ ✽✱✶✽ ✼✱✾✵ ✻✱✷✾ ✷✱✻✽ ✷✱✽✻ ✲ ✲ ✲ ✲ ✲
❈✶✺ ✼✱✹✻ ✺✱✺✸ ✺✱✾✺ ✷✱✵✵ ✷✱✸✾ ✹✱✼✾ ✲ ✲ ✽✱✹✶ ✻✱✽✻
❈✶✻ ✼✱✺✼ ✺✱✹✾ ✺✱✾✽ ✷✱✶✶ ✷✱✹✺ ✹✱✽✵ ✲ ✲ ✽✱✷✵ ✻✱✼✵
❈✶✼ ✼✱✸✾ ✺✱✺✵ ✺✱✻✸ ✷✱✵✵ ✷✱✸✻ ✹✱✽✹ ✲ ✲ ✽✱✹✸ ✻✱✽✷
●✶✽ ✼✱✽✼ ✲ ✺✱✻✹ ✷✱✼✵ ✲ ✺✱✵✵ ✲ ✶✸✱✶✺ ✲ ✲
●✶✾ ✼✱✽✶ ✲ ✻✱✵✸ ✷✱✺✾ ✷✱✼✼ ✺✱✵✵ ✲ ✲ ✲ ✲
❈✷✵ ✼✱✹✻ ✺✱✹✼ ✻✱✷✷ ✲ ✲ ✲ ✲ ✲ ✲ ✲
❚❛❜✳ ✷✳✹ ✕ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ♣♦✉r 1❍ ❞✉ ❞✉♣❧❡① ●●✯●✯✳ ❚♦✉s ❧❡s s♣❡❝tr❡s ♦♥t
été ❡♥r❡❣✐strés à ✸✵✺ ❑ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s s♣❡❝tr❡s ♣♦✉r ❧❡s ♣r♦t♦♥s é❝❤❛♥❣❡❛❜❧❡s q✉✐ ♦♥t
été ❡♥r❡❣✐strés à ✷✽✶ ❑✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ♦♥t ♣♦✉r ré❢ér❡♥❝❡ ❧❡ ❚❙P ✭❚r✐s✐❧②❧ ▼ét❤②❧
P❤♦s♣❤❛t❡✮✳
❆✉ ❝♦✉rs ❞❡ ❧✬❛♥❛❧②s❡ ❘▼◆✱ ✐❧ ❡st ❛♣♣❛r✉ q✉❡ ❧✬❛❞❞✉✐t ●✯●✯● ét❛✐t ❡♥ tr❛✐♥ ❞✬é✈♦✲
❧✉❡r ✭✜❣✉r❡ ✷✳✺✮✳ ❯♥❡ ❢❛✐❜❧❡ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ❡s♣è❝❡ ✭❡♥✈✐r♦♥ ✶✵ ✪✮ ét❛✐t
✷✳✻✳ ❘➱❆❘❘❆◆●❊▼❊◆❚ ❉❊ ▲✬❆❉❉❯■❚ ✽✺
♣rés❡♥t❡ ❞ès ❧❡ ❞é❜✉t ❞❡ ❧✬❛♥❛❧②s❡✱ ❡t ❝❡tt❡ ♣r♦♣♦rt✐♦♥ ❛ r❛♣✐❞❡♠❡♥t é✈♦❧✉é ❡♥ ✶✽✵ ❥♦✉rs
♣♦✉r ❞❡✈❡♥✐r ♠❛❥♦r✐t❛✐r❡ ✭❧❛ ♣r♦♣♦rt✐♦♥ ❡♥tr❡ ♥♦✉✈❡❧❧❡ ❡s♣è❝❡ ❡t ❧✬❛♥❝✐❡♥♥❡ s✬❡st ❛❧♦rs
st❛❜✐❧✐sé❡ à ✺✺ ✴ ✹✺✮✳
❋✐❣✳ ✷✳✺ ✕ ❉é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ❞✉ ♣❤♦s♣❤♦r❡ ♦ù ❧❛ ♣rés❡♥❝❡ ❞❡ ●✯●✯● ❡t ●●✯●✯
❡st ❞ét❡❝té❡✳ ✭❛✮ s♣❡❝tr❡ ❡♥r❡❣✐stré ✶✵✵ ❥♦✉rs ❛♣rès ❧❛ ♣❧❛t✐♥❛t✐♦♥✱ ❧❡s ❞❡✉① ❛❞❞✉✐ts
s♦♥t ♣rés❡♥ts✳ ✭❜✮ s♣❡❝tr❡ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ♥♦♥ ♣❧❛t✐♥é✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s
s♦♥t ♣rés❡♥tés ❛✈❡❝ ♣♦✉r ré❢ér❡♥❝❡ ❧✬❛❝✐❞❡ ♣❤♦s♣❤♦r✐q✉❡ à ✽✺ ✪✱ ❧✬❡♥r❡❣✐str❡♠❡♥t ❛ été
❡✛❡❝t✉é à ✸✵✺ ❑✳
❆♣rès ❛♥❛❧②s❡ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ❡s♣è❝❡✱ ♥♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é q✉❡ ❧❡ ♣r♦❞✉✐t ❞❡ ré✲
❛rr❛♥❣❡♠❡♥t ❡st ❧❡ ❝❤é❧❛t❡ ●●✯●✯ ✭✷✮ ✭❞♦♥t ❧❡ ♣r♦✜❧ ❛♣♣❛r❛ît ❡♥ ❍P▲❈✱ ✈♦✐r ✜❣✉r❡
✶✳✶✮✳ ▲❡ ❞✐❛❣r❛♠♠❡ ❞✉ ré❛rr❛♥❣❡♠❡♥t ❞❡ ✭✶✮ ❡st ♣rés❡♥té ✜❣✉r❡ ✷✳✻✱ s✉r ❧❛ ❜❛s❡ ❞❡ ❧❛
♠❡s✉r❡ ❞❡s ♣✐❝s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ♣r♦t♦♥s ❍✺✲❍✻ ❞❡s ❝②t✐❞✐♥❡s✳ ▲❡ ♣r❡♠✐❡r ♣♦✐♥t
❡①♣ér✐♠❡♥t❛❧ à ✻✼✱✻✪ à ✾ ❥♦✉rs ❢❛✐t ❧✬♦❜❥❡t ❞❡ ✈ér✐✜❝❛t✐♦♥s ❝♦♠♣❧é♠❡♥t❛✐r❡s✳ ▲❡ t❡♠♣s
r❡♣rés❡♥té ✐♥❞✐q✉❡ ❧❡ t❡♠♣s ♦ù ❧✬é❝❤❛♥t✐❧❧♦♥ ❛ été r❡♣r✐s ❡♥ s♦❧✉t✐♦♥✱ à ✉♥❡ t❡♠♣ér❛✲
t✉r❡ ♥♦r♠❛❧✐sé❡ ♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s ❛♥❛❧②s❡s à ✷✽✸ ❑✳ ❈❡tt❡ r❡♥♦r♠❛❧✐s❛t✐♦♥ ♣❡r♠❡t ❞❡
♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ ❢❛✐t q✉❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ✶✵ ❑ ❞♦✉❜❧❡ ❧❡ t❛✉①
❞✬✐♥t❡r❝♦♥✈❡rs✐♦♥ ❞❡s ❞❡✉① ❡s♣è❝❡s✳ ▲❡ t❡♠♣s teff q✉✐ rés✉❧t❡ ❞❡ ❝❡tt❡ ♥♦r♠❛❧✐s❛t✐♦♥ ❡st
❝❛❧❝✉❧é s✉✐✈❛♥t ❧✬éq✉❛t✐♦♥ ✷✳✸ ✿
teff = 2t
(T − 283)
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✽✻ ❈❍❆P■❚❘❊ ✷✳ ❘▼◆ ❉❊ ▲✬❆❉❉❯■❚
t ❡st ❧❡ t❡♠♣s ré❡❧ ♣❛ssé à ❧❛ t❡♠♣ér❛t✉r❡ ❚✳
❊♥ s✉♣♣♦s❛♥t ✉♥❡ ré❛❝t✐♦♥ ❞✬♦r❞r❡ ✶ ♣♦✉r ❧❛ ❝♦♥✈❡rs✐♦♥ ❞❡ ❧✬❡s♣è❝❡ ❆ ✭●✯●✯●✮ ❡♥
❧✬❡s♣è❝❡ ❇ ✭●●✯●✯✮✱ ❧✬éq✉❛t✐♦♥ ❞✐✛ér❡♥t✐❡❧❧❡ ❡st ❞❡ ❧❛ ❢♦r♠❡ ✷✳✹ ✿
dA
dt
= −kfA+ kbB ✭✷✳✹✮
kf ❡t kb s♦♥t ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦♥✈❡rs✐♦♥ ❞❡ ❆ ✈❡rs ❇ ❡t ❞❡ ❇ ✈❡rs ❆✳
❙✐ à t❂✵✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❆ ❡st ❆✵ ❡t ❝❡❧❧❡ ❞❡ ❇ ❡st ③ér♦✱ ♥♦✉s ♦❜t❡♥♦♥s ❆ ❡♥
❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✿
A = A0− 1
(kf + kb)
[
kb + 1e
(−kf+kb)t
]
✭✷✳✺✮
▲❛ ré❣r❡ss✐♦♥ rés✉❧t❛♥t ❞❡ ❧✬éq✉❛t✐♦♥ ✷✳✺ ❞❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① ❡st ♣rés❡♥té s✉r ❧❛
✜❣✉r❡ ✷✳✻✳ ❊♥ ❡①❝❧✉❛♥t ❧❡ ♣♦✐♥t à ✾ ❥♦✉rs q✉✐ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ✈ér✐✜❝❛t✐♦♥s✱ ❝❡tt❡ ré❣r❡ss✐♦♥
❡st ❡♥ ♣❛r❢❛✐t ❛❝❝♦r❞ ✭❘❂✵✱✾✾✮ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s✱ ❝❡ q✉✐ ❝♦♥❢♦rt❡ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥
ré❛rr❛♥❣❡♠❡♥t ❞❡ ❝✐♥ét✐q✉❡ ❞✬♦r❞r❡ ✶✳
❋✐❣✳ ✷✳✻ ✕ ❞✐❛❣r❛♠♠❡ ❝✐♥ét✐q✉❡ ❞✉ ré❛rr❛♥❣❡♠❡♥t ❞❡ ●✯●✯● ✈❡rs ●●✯●✯✳ ❏♦✉rs✯ ✿ ❧❡
t❡♠♣s ♣rés❡♥té ❡st teff ✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❝❡ t❡♠♣s ❡st ❞é❝r✐t ❞❛♥s ❧❡ t❡①t❡✳
❈❤❛♣✐tr❡ ✸
❉②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡
▲❛ s✐♠✉❧❛t✐♦♥ ré❛❧✐sé❡ ♣❛r ❧❡ ❉r✳ ▼✳✲❆✳ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ❬✺✾❪ s✉r ❧❛ séq✉❡♥❝❡ 5
′
✲
●❈❈●✯●✯❆❚❈●❈ ✲ 3
′
✴ 5
′
✲ ●❈●❆❚❈❈●●❈ ✲ 3
′
✭♥♦té❡ ●✯●✯❆✮ ❛ ♣❡r♠✐s ❞❡ ❞é❝r✐r❡
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❆❉◆ ❝♦♦r❞✐♥é ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❛
♣♦st❡r✐♦r✐ ❛✈❡❝ ❧✬ét✉❞❡ ❘▼◆ ❡✛❡❝t✉é❡ ♣❛r ❧❡ ❉r✳ ❋✳ ❍❡r♠❛♥ ❞❡ ❝❡t ♦❧✐❣♦♥✉❝❧é♦t✐❞❡
♣❧❛t✐♥é ❬✽✼❪ ❛ ❞♦♥❝ ♣❡r♠✐s ❞✬❛✣♥❡r ❧✬ét✉❞❡ ❝♦♥❢♦r♠❛t✐♦♥♥❡❧❧❡ ❞❡ ❧✬❛❞❞✉✐t✳ ❊♥ ❡✛❡t✱ ❧❡s
❞é♣❧❛❝❡♠❡♥ts ❝❤✐♠✐q✉❡s ❞✉ ♣r♦t♦♥ ❍✷✬ ❞❡ ❈3 ❡t ❞✉ ♣r♦t♦♥ ❍✷✬ ❞❡ ❈17 ♦♥t été ❡①♣❧✐q✉és
❡♥ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣❛r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ✈❛✲❡t✲✈✐❡♥t ❤♦r✐③♦♥t❛❧ ❞❡ ❧❛ ♣❛✐r❡ ❞❡
❜❛s❡ ●✯4✲❈17 ♦❜s❡r✈é ❡♥ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛❞❞✉✐t
❛ ré✈é❧é✱ ❞✉ ❝ôté ✸✬ ❞✉ s✐t❡ ❞❡ ♣❧❛t✐♥❛t✐♦♥✱ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ s✉r ❧❡
♣❤♦s♣❤❛t❡ ❡♥tr❡ ❈6 ❡t ❚7 ✭♥♦té ❈6♣❚7 ♣❛r ❧❛ s✉✐t❡✮✳ ❈❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥✱ ❡♥ ♣r♦♣♦rt✐♦♥
❢❛✐❜❧❡ ❞❛♥s ✉♥ ❆❉◆ ❇ ❬✻✼❪✱ ❛♣♣❛r❛ît ❞❡ ♠❛♥✐èr❡ ❝♦♥❝♦♠✐t❛♥t❡ ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡
❧✐❛✐s♦♥ ❤②❞r♦❣è♥❡ ❡♥tr❡ ❧✬❛♠♠✐♥❡ ✸✬ ❞✉ ❝✐s♣❧❛t✐♥❡ ❡t ❧✬❛t♦♠❡ ◆7 ❞❡ ❧✬❛❞é♥✐♥❡ ✻✳
▲♦rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞✉ ❞♦❝t❡✉r ❉r✳ ▼✳✲❆✳ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s✱ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ♣♦s✲
sé❞❛♥t ❧❛ s♦✉s✲♣♦♣✉❧❛t✐♦♥ ❇■■ ♣♦✉r ❧❡ ♣❛s ❆6♣❚7 ✭❛②❛♥t ε ✲ ζ ❃❂ ✵✮ ❡st ❧❛ ♣❧✉s ✐♠✲
♣♦rt❛♥t❡✳ ❈❡tt❡ s♦✉s✲♣♦♣✉❧❛t✐♦♥ r❡♣rés❡♥t❡ ✹✸✪ ❞❡ ❧❛ t♦t❛❧✐té ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ P♦✉r
✈❛❧✐❞❡r ❞❡ ♠❛♥✐èr❡ ❡①♣ér✐♠❡♥t❛❧❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❡tt❡ s♦✉s✲♣♦♣✉❧❛t✐♦♥ ❡t ❡♥ ❝❤❡r❝❤❛♥t
à ❧✬❛✉❣♠❡♥t❡r✱ ❧❛ séq✉❡♥❝❡ 5
′
✲ ●❈❈●✯●✯●❚❈●❈ ✲ 3
′
✴ 5
′
✲ ●❈●❆❈❈❈●●❈ ✲ 3
′
✭●✯
r❡♣rés❡♥t❡ ✉♥❡ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✮ ❛ été ❝❤♦✐s✐❡ ♣♦✉r ❧✬❛♥❛❧②s❡ ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘▼◆✳
❉✬❛♣rès ❧❡s s✐♠✉❧❛t✐♦♥s ♣ré❧✐♠✐♥❛✐r❡s q✉❡ ❥✬❛✐ ❡✛❡❝t✉é❡s✱ ❧❡ r❡♠♣❧❛❝❡♠❡♥t ❞❡ ❧✬❛❞é♥✐♥❡
❆6 ♣❛r ❧❛ ❣✉❛♥✐♥❡ ●6 ♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛ s♦✉s✲
❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ✹✸✪ à ✺✵✪✶✳ ❊♥ ❡✛❡t✱ ❧✬❛t♦♠❡ ◆7 ❞❡ ❧❛ ❣✉❛♥✐♥❡ ❡st ♣❧✉s é❧❡❝tr♦♥é❣❛t✐❢
q✉❡ ❝❡❧✉✐ ❞❡ ❧✬❛❞é♥✐♥❡ ❬✶✺✻❪ ❡t ❧✬❛t♦♠❡ ✵6 ❛♣♣♦rt❡ ✉♥❡ ♣♦ss✐❜✐❧✐té s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡
❧✐❛✐s♦♥ ❤②❞r♦❣è♥❡✳
✶❈❡ ♣♦✉r❝❡♥t❛❣❡ ❡st ❞♦♥♥é à t✐tr❡ ✐♥❞✐❝❛t✐❢✳ ❊♥ ❡✛❡t ❧❛ ❝♦rr❡s♣♦♥❞❛♥❝❡ ❞❡ t❡♠♣s ❡♥tr❡ ❧❛ s✐♠✉❧❛t✐♦♥
❡t ❧❡s ❡①♣ér✐❡♥❝❡s ❘▼◆ ♥❡ ♣❡✉t êtr❡ ❛❜s♦❧✉❡✳ ❉❡ ♣❧✉s ❝❡tt❡ s✐♠✉❧❛t✐♦♥ ❛ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❡s ❧✐♠✐t❛t✐♦♥s
❞❛♥s ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡✱ ❝❡ q✉✐ s❡r❛ ♣rés❡♥té ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ♣❛❣❡ ✾✵ ❡t ♣❧✉s ❡♥ ❞ét❛✐❧
❞❛♥s ❧❛ ♣❛rt✐❡ ❱✳
✽✼
✽✽ ❈❍❆P■❚❘❊ ✸✳ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
✸✳✶ Pré♣❛r❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
▲❡ ♣♦✐♥t ❞❡ ❞é♣❛rt ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛ été ❧❡ ♠ê♠❡ q✉❡ ❝❡❧✉✐ ✉t✐❧✐sé ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥
❞❡ ●✯●✯❆✳ ▲❡s ❜❛s❡s ❆✻ ❡t ❚✶✺ ♦♥t été r❡♠♣❧❛❝é❡s ❡♥ ✉t✐❧✐s❛♥t ①❧❡❛♣ ♣❛r ●✻ ❡t ❈✶✺✳
❈❡tt❡ ♣r♦❝é❞✉r❡ ❛ ♣❡r♠✐s ❧❛ ❝ré❛t✐♦♥ ❞❡ ❧❛ séq✉❡♥❝❡ 5
′
✲ ●❈❈●✯●✯●❚❈●❈ ✲ 3
′
✴
5′ ✲ ●❈●❆❈❈❈●●❈ ✲ 3
′
✭♥♦té❡ ●●● ♣♦✉r ❧❡ ♥♦♥ ♣❧❛t✐♥é ❡t ●✯●✯● ♣♦✉r ❧❡ ♣❧❛t✐♥é✮✳
▲❛ str✉❝t✉r❡ ❛✐♥s✐ ♦❜t❡♥✉❡ ❛ été ♠✐♥✐♠✐sé❡ ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧ ①❧❡❛♣ ❞❡ ❧❛ s✉✐t❡ ❆▼✲
❇❊❘ ✻✳✵ ❛✈❡❝ ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ♠♦❞✐✜é ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ ❝♦♠♣♦sé
❝✐s♣❧❛t✐♥❡ ✭✈♦✐r ♣❛rt✐❡ ❱✮✳ ❈❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♠♦❞✐✜é ❛ été ✉t✐❧✐sé ♣❛r ❧❛ s✉✐t❡ ♣♦✉r
❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❛ ♣ré♣❛r❛t✐♦♥ ❡t ❧❛ s✐♠✉❧❛t✐♦♥ ♦♥t été ré❛❧✐sé❡s s❡❧♦♥ ❧❡
♣r♦t♦❝♦❧❡ ❧✐sté ❝✐✲❞❡ss♦✉s ✿
✶✳ ✐♥❝❧✉s✐♦♥ ❞❡ ✶✻ ❝♦♥tr❡✲✐♦♥s ❀
✷✳ ❤②❞r❛t❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❆❉◆✲❝✐s♣❧❛t✐♥❡ ✰ ❝♦♥tr❡ ✐♦♥s ❞❛♥s ✉♥❡ ❜♦✐t❡ ♦rt❤♦✲
r❤♦♠❜✐q✉❡ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❞❡ t②♣❡ ❚■P✸P✳ ▲❡s ❞✐♠❡♥s✐♦♥s ♦♥t
été ❞é✜♥✐❡s ♣♦✉r ❛✈♦✐r ❛✉ ♠♦✐♥s ✶✵✱✺ ➴ ❡♥tr❡ ❧❡ ❜♦r❞ ❞❡ ❧❛ ❜♦✐t❡ ❡t ❧❡ s♦❧✉té
✭❆❉◆✰❝✐s♣❧❛t✐♥❡✰❝♦♥tr❡✲✐♦♥s✮✱ s♦✐t ✉♥❡ t❛✐❧❧❡ ✜♥❛❧❡ ❞❡ ✻✹✯✺✹✯✺✹ ➴✳
✸✳ ♠✐♥✐♠✐s❛t✐♦♥ ♣♦✉r ♦r❞♦♥♥❡r ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❡t ♦❜t❡♥✐r ✉♥❡ str✉❝t✉r❡ st❛❜❧❡
♣♦✉r ❧❡ ❞é❜✉t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ✭q✉❛♥❞ ♦♥ ❝ré❡ ❧❛ ❜♦✐t❡ ❞✬❡❛✉✱ ♣❛r ❞é❢❛✉t t♦✉t❡s
❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ s♦♥t ♣♦s✐t✐♦♥♥é❡s s❡❧♦♥ ✉♥ ❛rr❛♥❣❡♠❡♥t ❣é♦♠étr✐q✉❡ ré❣✉❧✐❡r
❡t ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ♥❡ s♦♥t ♣❛s ♦r✐❡♥té❡s ❝♦rr❡❝t❡♠❡♥t ✈✐s✲à✲✈✐s ❞✉ s♦❧✉té✮ ❀
✹✳ ❝❤❛✉✛❛❣❡ ❀
✺✳ éq✉✐❧✐❜r❛t✐♦♥ ❀
✻✳ ♣r♦❞✉❝t✐♦♥✳
❈❡s ét❛♣❡s ❡t ❧❡s ✜❝❤✐❡rs ❛ss♦❝✐és s♦♥t ❞ét❛✐❧❧és ❞❛♥s ❧❛ ♣❛rt✐❡ ❱✳
▲✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛ été ❝❛❧❝✉❧é❡ s❛♥s ❝♦♥tr❛✐♥t❡ ❡t s❡✉❧❡s ❧❡s ❞✐① ❞❡r♥✐èr❡s
♥❛♥♦s❡❝♦♥❞❡s ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♦♥t été r❡t❡♥✉❡s ♣♦✉r ❧✬❛♥❛❧②s❡
❡t ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ✐ss✉❡s ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❞❡ ❘▼◆✳
✸✳✷ ❆♥❛❧②s❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
▲✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❛♠ètr❡s ❤é❧✐❝♦ï❞❛✉① ❝❛❧❝✉❧és ♣❛r ❈✉r✈❡s ❬✶✶✷✱ ✶✶✸❪ ❡t ♠✐s ❡♥
❢♦r♠❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✉ s❝r✐♣t ❛♥❛❧②s❡✳♣❧ ✭♣❛❣❡ ✷✽✽✮ s❡r❛ ♣rés❡♥té ❡♥ ❙✉♣♣❧❡♠❡♥✲
t❛r② ▼❛t❡r✐❛❧ ❞❛♥s ❧✬❛rt✐❝❧❡ ❞é✜♥✐t✐❢ ✭✷✸ ♣❛❣❡s✮✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s ❝✐✲
❞❡ss♦✉s ❧❛ s✐♠✉❧❛t✐♦♥ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ r❡♣r♦❞✉✐r❡ ❝♦♠♣❧èt❡♠❡♥t ❧❡s ❡①♣ér✐❡♥❝❡s ❘▼◆✳
❯♥ tr❛✈❛✐❧ ❡st ❡♥ ❝♦✉rs ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❞é❢♦r♠❛t✐♦♥s s♣é❝✐✜q✉❡s ✐♥❞✉✐t❡s
♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❞✬❆▼❇❊❘ ✭✈♦✐r ♣❛rt✐❡ ❱✮✳ ▲❡s ♣♦✐♥ts s✉✐✲
✸✳✷✳ ❆◆❆▲❨❙❊ ❉❊ ▲❆ ❉❨◆❆▼■◗❯❊ ✽✾
✈❛♥ts ♣rés❡♥t❡r♦♥t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r
❧❛ séq✉❡♥❝❡ ●✯●✯●✳
✸✳✷✳✶ ❈❛r❛❝tér✐st✐q✉❡s ❣é♥ér❛❧❡s ✐ss✉❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
▲✬❆❉◆ s✐♠✉❧é ♣rés❡♥t❡ ✉♥ ❝♦✉❞❡ ❞❡ ✻✼±✾✝❡ss❡♥t✐❡❧❧❡♠❡♥t ❧♦❝❛❧✐sé ❛✉ ♥✐✈❡❛✉ ❞✉ s✐t❡
❞❡ ♣❧❛t✐♥❛t✐♦♥ ✭r♦✉❧✐s ❧♦❝❛❧ ✲r♦❧❧ ✲ ❞❡ ✼✹±✸✝❡♥tr❡ ●∗4 ❡t ●∗5✮✳ ▲❡ ♠♦✉✈❡♠❡♥t ❞②♥❛♠✐q✉❡
❞❡ ✈❛✲❡t✲✈✐❡♥t ♦❜s❡r✈é ❛✈❡❝ ❧❛ ♣❛✐r❡ ●4 ✿❈17 ♣♦✉r ●✯●✯❆ ❡st ❢♦rt❡♠❡♥t ❞✐♠✐♥✉é ❞❛♥s ❧❡
❝❛s ❞❡ ●✯●✯● ✿ ❝❡s ♦❜s❡r✈❛t✐♦♥s s♦♥t ❝♦rr♦❜♦ré❡s ♣❛r ❧❡ ❜❧✐♥❞❛❣❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s
❧❡ ❝❛s ❞❡ ●✯●✯● s✉r ❈3❍2′ ✭✶✱✺✷ ♣♣♠ ❛✉ ❧✐❡✉ ❞❡ ✶✱✺✽ ♣♣♠✮ ❡t ♣❧✉s ❢❛✐❜❧❡ s✉r ❈17❍2′
✭✶✱✾✽ ♣♣♠ ❛✉ ❧✐❡✉ ❞❡ ✶✱✾✻ ♣♣♠✮✳
✸✳✷✳✷ ❈♦♥❢♦r♠❛t✐♦♥ ❞❡s s✉❝r❡s
▲❡ t❛❜❧❡❛✉ ✸✳✶ ♣rés❡♥t❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❝♦♥❢♦r♠❛t✐♦♥s ❞❡s s✉❝r❡s ❡♥tr❡ ❧✬❛♥❛❧②s❡
✭t❛❜❧❡❛✉ ✷✳✸✮ ❞❡ ❧❛ ❘▼◆ ❡t ❧❡s ❝❛❧❝✉❧s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
❇❛s❡ ✪❙RMN ✪❙dyn
●✶ ✾✼ ✶✵✵
❈✷ ✾✵ ✶✵✵
❈✸ ✹✹ ✷✷
●✹✯ ❁✵ ✷✶
●✺✯ ✽✷ ✶✵✵
●✻ ✾✻ ✶✵✵
❚✼ ✽✾ ✶✵✵
❈✽ ✾✹ ✶✵✵
●✾ ✾✾ ✾✾
❈✶✵ ✽✻ ✾✻
❇❛s❡ ✪❙RMN ✪❙dyn
●✶✶ ✾✹ ✶✵✵
❈✶✷ ❃✶✵✵ ✾✾
●✶✸ ❃✶✵✵ ✾✾
❆✶✹ ✼✻ ✾✵
❈✶✺ ✻✹ ✻✻
❈✶✻ ✺✼ ✺
❈✶✼ ❃✶✵✵ ✾✼
●✶✽ ✽✷ ✶✵✵
●✶✾ ✾✵ ✶✵✵
❈✷✵ ✲ ✾✼
❚❛❜✳ ✸✳✶ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❝♦♥❢♦r♠❛t✐♦♥s ❞❡s s✉❝r❡s ♦❜s❡r✈é❡s ❡♥ ❘▼◆ ❡t ❝❡❧❧❡s
❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
▲❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ❡st ❝♦♥♥✉ ♣♦✉r ❞é♣❧❛❝❡r ❧✬éq✉✐❧✐❜r❡ ◆⇋❙ ✈❡rs ❧❛ ❝♦♥❢♦r✲
♠❛t✐♦♥ ❙ ❬✷✾❪✳ ■❧ ❛♣♣❛r❛ît ❞❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ✐ss✉❡ ❞✉ t❛❜❧❡❛✉ q✉❡ ❝❡tt❡ s✉rr❡♣rés❡♥t❛✲
t✐♦♥ ❞❡ ❙ ♣❡✉t ❛❧❧❡r ❥✉sq✉✬à ✷✵✪ ✭●∗4✱ ●
∗
5✱ ●18✮✳ ❉❡ ♣❧✉s✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡
s✉r s♦♥ ❆❉◆ ❝✐❜❧❡ ✐♥❞✉✐t ✉♥❡ ♦r✐❡♥t❛t✐♦♥ ✈❡rs ◆ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♣❧❛t✐♥é❡ ❬✶✺✶❪✳ ▲❡s
♣❤❛s❡s ❞❡s s✉❝r❡s ❞❡ ❈✸ ❡t ❈✶✻✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❝❡s r❡♠❛rq✉❡s✱ ♣rés❡♥t❡♥t ❞♦♥❝
✉♥❡ ✐♥❝♦❤ér❡♥❝❡ ❡♥tr❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ❡t ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡
♠♦❧é❝✉❧❛✐r❡✳
✾✵ ❈❍❆P■❚❘❊ ✸✳ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
✸✳✷✳✸ ❈♦♥❢♦r♠❛t✐♦♥ ❞❡s ♣❤♦s♣❤❛t❡s
▲♦rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞✉ ❉r✳ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s✱ ✐❧ ❡st ❛♣♣❛r✉ q✉✬❡♥ ✸✬ ❞❡ ●✯●✯❆ ✭s✉r
❆♣❚✮✱ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ét❛✐t ❧✬❡s♣è❝❡ ♠❛❥♦r✐t❛✐r❡ ❡t ❝♦✉♣❧é❡ à ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡
❧✐❛✐s♦♥ ❤②❞r♦❣è♥❡ ❡♥tr❡ ●6 :◆7 ❡t ❧✬❛♠♠✐♥❡ ✸✬ ❞✉ ❝✐s♣❧❛t✐♥❡✳ ❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ❝❡tt❡
ét✉❞❡ ét❛✐t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❇■■ ♣♦✉r ♣❡r♠❡ttr❡ s♦♥ ♦❜s❡r✈❛t✐♦♥
❡♥ ❘▼◆✳ ❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ❞✉ s♣❡❝tr❡ ❞✉ ♣❤♦s♣❤♦r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭✜❣✉r❡ ✷✳✺✮✱
s❡✉❧s ❧❡s ♣❤♦♣❤❛t❡s ❡♥tr❡ ❧❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s ♣rés❡♥t❡♥t ✉♥ s✐❣♥❛❧ ♣❛rt✐❝✉❧✐❡r✱ ❝❡ q✉✐
❡st ❝♦♥❢♦r♠❡ ❛✈❡❝ ❧❡s ❛✉tr❡s ❡①♣ér✐❡♥❝❡s ❘▼◆ ❝♦♥❝❡r♥❛♥t ❧❡ ❝✐s♣❧❛t✐♥❡ ❬✹❪✳ ▲✬❛♣♣r♦❝❤❡
❞é✈❡❧♦♣♣é❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ■ ♥✬❛ ♣❛s ♥♦♥ ♣❧✉s ✐♥❞✐q✉é ❞❡ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ♣ré♣♦♥❞ér❛♥t❡
♣♦✉r ❝❡ ♣❤♦s♣❤❛t❡✳
❉✉r❛♥t ❧❛ ❞②♥❛♠✐q✉❡✱ ❧❡ ♣❛s ●6♣❚7 ❡st ❡♥t✐èr❡♠❡♥t ❇■✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛✲
t✐♦♥s ❘▼◆ ❡t ❧❡ ❝❛❧❝✉❧ ❛❧t❡r♥❛t✐❢ ✉t✐❧✐s❛♥t ❧❡s ❝♦♠❜✐♥❛✐s♦♥s ❞❡ ❞✐st❛♥❝❡s ✐♥t❡r✲♣r♦t♦♥s
❬✶✽✺❪✳ ▲❛ ❧✐❛✐s♦♥ ❤②❞r♦❣è♥❡ ❡st ♥é❛♥♠♦✐♥s ♣rés❡♥t❡ ❞✉r❛♥t ✼✺✪ ❞✉ t❡♠♣s ❞❡ ❧❛ ❞②♥❛✲
♠✐q✉❡ ✭●6 :◆7✴ ●6 :❖6 ✲ ❛♠♠✐♥❡ ✸✬ ❞✉ ❝✐s♣❧❛t✐♥❡✮✳
▲♦rs ❞❡ ❧✬❛♥❛❧②s❡ ♣❧✉s ♣ré❝✐s❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✱ ✐❧ ❛♣♣❛r❛ît
q✉✬✉♥❡ tr❛♥s✐t✐♦♥ α/γ : g+/g− → α/γ : t/t ❡st ♣rés❡♥t❡ ❡♥tr❡ ●6♣❚7✱ ❝❡ q✉✐ ❞é❢❛✈♦r✐s❡
❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ❬✶✾✷❪✳
✸✳✷✳✹ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ❞✐st❛♥❝❡s ❘▼◆ ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❞②♥❛✲
♠✐q✉❡
▲✬❛♥❛❧②s❡ ❞❡s ◆❖❊s ❛✈❡❝ ❧❡s ✷✷✶ ❞✐st❛♥❝❡s ❝♦rr❡s♣♦♥❞❛♥t❡s ❞❛♥s ❧❛ ❞②♥❛♠✐q✉❡
♠♦❧é❝✉❧❛✐r❡ ❛ ✐♥❞✐q✉é ❞❡s ✐♥❝♦❤ér❡♥❝❡s ❝✐❜❧é❡s s✉r q✉❡❧q✉❡s ♣❛s ✿
✕ ✶✽✻ ◆❖❊s s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞✐st❛♥❝❡s ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s ✶✵ ♥s ❞❡ ❧❛ s✐♠✉✲
❧❛t✐♦♥
✕ ✸✺ ◆❖❊s s♦♥t ❡♥ ❞és❛❝❝♦r❞ ✭❞♦♥t ✶✻ ❛✉① ❡①tré♠✐tés ❞❡ ❧✬♦❧✐❣♦♥✉❝❧ét♦t✐❞❡✱ ❞❛♥s
❧❡s ❞❡✉① ❞❡r♥✐èr❡s ♣❛✐r❡s ❞❡ ❜❛s❡s✮
✕ ❧❡s ✶✾ ◆❖❊s q✉✐ r❡st❡♥t ❡♥ ❞és❛❝❝♦r❞ ❛✉ ❝♦❡✉r ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ s♦♥t r❡❧✐és ❛✉①
♣r♦❜❧è♠❡s ❞❡ ♣r♦♣♦rt✐♦♥ ❞❡s s✉❝r❡s ♣rés❡♥tés ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✶✳
✸✳✷✳✺ ❱❛❧✐❞❛t✐♦♥ ❞✉ ♠♦❞è❧❡ s✐♠✉❧é ♣❛r ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥✲
t❛❧❡s
❈♦♠♠❡ ♦❜s❡r✈é ❞❛♥s ❧❡s ❝♦♥❢♦r♠❛t✐♦♥s ❞❡s s✉❝r❡s✱ ❞❡s ♣❤♦s♣❤❛t❡s ❡t ❞❡s ✷✷✶
◆❖❊s q✉✐ ♦♥t ♣✉ êtr❡ ✐s♦❧és ❡t ✈❛❧✐❞és✱ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛
♣❡r♠✐s ❞✬é❧✉❝✐❞❡r ❧❛ str✉❝t✉r❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é s✉r ❧❛ séq✉❡♥❝❡
❞✭●❈❈●✯●✯●❚❈●❈✮✲✭●❈●❆❈❈❈●●❈✮✳ ▲❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ❛✉ ♥✐✈❡❛✉ ❞❡s s✉❝r❡s
s♦♥t ✐ss✉❡s ❞❡ ♣r♦❜❧è♠❡s ❝♦♥♥✉s ❡♥ s✐♠✉❧❛t✐♦♥ ❬✷✾❪ ♠❛✐s r❡❧è✈❡♥t ❛✉ss✐ ❞❡s ❧✐♠✐t❛t✐♦♥s
✸✳✷✳ ❆◆❆▲❨❙❊ ❉❊ ▲❆ ❉❨◆❆▼■◗❯❊ ✾✶
❞❡ ♥♦tr❡ ♠♦❞è❧❡ ❞❡ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ✭❧❡ tr❛✈❛✐❧ ❡st ❡♥ ❝♦✉rs ♣♦✉r ❛♠é❧✐♦r❡r
❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥✱ ✈♦✐r ♣❛rt✐❡ ❱✮✳ ▲❛ ❝♦♥❢♦r♠❛t✐♦♥ α/γ : t/t ❛♥♦r♠❛❧❡ ❡♥tr❡ ●6 ❡t
❚7 ✐♥❞✉✐t ✉♥ ❞ér♦✉❧❡♠❡♥t ♣❛rt✐❝✉❧✐❡r q✉✐ ♣❡✉t êtr❡ r❡s♣♦♥s❛❜❧❡ ❞❡s ✈❛r✐❛t✐♦♥s ♦❜s❡r✈é❡s
s✉r ❧❛ ♣❤❛s❡ ❞❡ ❈3 ❡t ❈16✳ ❊♥ ❡✛❡t✱ ❡♥ ♣❡rt✉r❜❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ♥❛t✉r❡❧ ❞✉ sq✉❡❧❡tt❡
♣❤♦s♣❤♦❞✐❡st❡r✱ ❝❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥ ✐♥❞✉✐t ✉♥❡ r✐❣✐❞✐té q✉✐ ré♣❡r❝✉t❡ ❧❡s ❞é❢♦r♠❛t✐♦♥s
✐ss✉❡s ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ s✉r ❈3 ❡t ❈16✳
▲❛ ✜❣✉r❡ ✸✳✶ ♣rés❡♥t❡ ❧❛ str✉❝t✉r❡ ♠♦②❡♥♥❡ ♠✐♥✐♠✐sé❡ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é✳
✾✷ ❈❍❆P■❚❘❊ ✸✳ ❉❨◆❆▼■◗❯❊ ▼❖▲➱❈❯▲❆■❘❊
❋✐❣✳ ✸✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ◆❡✇❘✐❜❜♦♥ ❡t ▲✐❝♦r✐❝❡ ❬✾✺❪ ❞❡ ❧❛ str✉❝t✉r❡ ♠♦②❡♥♥é❡ ❡t
♠✐♥✐♠✐sé❡ ✐ss✉❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s
s♦♥t ❡♥ ❜❧❡✉✱ ❧❡s ❛♠♠✐♥❡s ❞✉ ❝✐s♣❧❛t✐♥❡ ❡♥ ❥❛✉♥❡✱ ❧❡ ♣❧❛t✐♥❡ ❡♥ ❝②❛♥✳
❈❤❛♣✐tr❡ ✹
❈♦♥❝❧✉s✐♦♥
❈❡tt❡ ét✉❞❡ ❡st ❧❛ ♣r❡♠✐èr❡ à ♠❡ttr❡ ❡♥ ❛✈❛♥t ❧❛ str✉❝t✉r❡ ❞✬✉♥ ❛❞❞✉✐t ❆❉◆✲
❝✐s♣❧❛t✐♥❡ s✉r ✉♥❡ séq✉❡♥❝❡ ❝♦♠♣♦rt❛♥t tr♦✐s ❣✉❛♥✐♥❡s ❛❞❥❛❝❡♥t❡s✳ ▲✬✐s♦❧❡♠❡♥t ❡t ❧❛
♣✉r✐✜❝❛t✐♦♥ ❡♥ ❍P▲❈ ♦♥t ♣❡r♠✐s ❞✬✐s♦❧❡r ❧❡s ❞✐✛ér❡♥ts ❛❞❞✉✐ts ❞❡ ❧❛ ♣❧❛t✐♥❛t✐♦♥ ❡t ❞✬♦❜✲
t❡♥✐r ❧✬❛❞❞✉✐t ●✯●✯● ❡♥ ❝♦♥❝❡♥tr❛t✐♦♥ s✉✣s❛♥t❡ ♣♦✉r ♣❡r♠❡ttr❡ ❧✬❛♥❛❧②s❡ ❡♥ ❘▼◆ ❞❡
❧✬❛❞❞✉✐t ❢♦r♠é✳
❆✈❡❝ ❧❡ ❝r♦✐s❡♠❡♥t ❞❡s t❡❝❤♥✐q✉❡s ❝❧❛ss✐q✉❡s ❞❡ ❘▼◆ ✭◆❖❊❙❨✱ ❈❖❙❨✱ ❚❖❈❙❨✱
❉◗❋✲❈❖❙❨✱ ✳✳✳✮ ❡t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✱ ❧❛ str✉❝t✉r❡ tr✐❞✐♠❡♥✲
s✐♦♥♥❡❧❧❡ ❞❡ ❧✬❛❞❞✉✐t ❛ ♣✉ êtr❡ rés♦❧✉❡✳
■❧ ❛♣♣❛r❛ît q✉❡ ❧❛ str✉❝t✉r❡ ❇■■ ♣rés✉♣♣♦sé❡ ♣❛r ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ❡t ❑♦③❡❧❦❛ à ❧❛
s✉✐t❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ s✉r ●✯●✯❆ ♥✬❡st ♣❛s ♣rés❡♥t❡ ❡♥ ❘▼◆✳ ❉❡ ♣❧✉s✱ ❧❛ str✉❝t✉r❡
●✯●✯● ❡st ♣❧✉s r✐❣✐❞❡ q✉❡ ❝❡❧❧❡ ❞❡ ●✯●✯❆✳ ❈❡tt❡ r✐❣✐❞✐té ♣r♦✈✐❡♥t ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❆
✈❡rs ● ❡t ♣❛r ❧❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ♣❛r ❧❡ r❡♥❢♦r❝❡♠❡♥t ❞❡s ❧✐❛✐s♦♥s ❤②❞r♦❣è♥❡s
❡♥tr❡ ❧✬❛♠♠✐♥❡ ✸✬ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é ❡t ❧❛ ♣✉r✐♥❡ q✉✐ s✉✐t✳
▲♦rs ❞❡ ❧✬❛♥❛❧②s❡ ✐❧ ❡st ❛♣♣❛r✉ q✉❡ ❧❡ ♠♦❞è❧❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❛t♦♠❡s ♣❛r♠
✾✽ ❡t ❝❡❧✉✐ é❧❛❜♦ré ❛✉ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ❧❡ ❝✐s♣❧❛t✐♥❡ ♣rés❡♥t❛✐❡♥t q✉❡❧q✉❡s ❧❛❝✉♥❡s s✉r
❧❡s éq✉✐❧✐❜r❡s ❝♦♥❢♦r♠❛t✐♦♥♥❡❧s ❞❡s s✉❝r❡s ❡t ❞❡s ♣❤♦s♣❤❛t❡s✳ ❯♥ tr❛✈❛✐❧ ❞❡ ❝♦rr❡❝t✐♦♥
❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❛ été ✐♥✐t✐é ✭✈♦✐r ♣❛rt✐❡ ❱✮ ♠❛✐s ♥✬❡st ♣❛s ❡♥❝♦r❡
s❛t✐s❢❛✐s❛♥t ♣♦✉r êtr❡ ✐♥❝❧✉s ❞❛♥s ❧✬ét✉❞❡ ♣rés❡♥té❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✳ ▲❡s tr❛✈❛✉① ❞❡
r❡♣❛r❛♠étr✐s❛t✐♦♥ s♦♥t ❛❝t✉❡❧❧❡♠❡♥t ♣♦✉rs✉✐✈✐s ♣❛r ❧❡ ❉r ❉❥✉r❛♥♦✈✐❝ ❡t ❢❡r♦♥t ❧✬♦❜❥❡t
❞✬✉♥ ❛rt✐❝❧❡ sé♣❛ré✳
▲✬❛♥❛❧②s❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❛②❛♥t été ét❛❧é❡ ❞❛♥s ❧❡ t❡♠♣s ✭✷ ❛♥s✮✱ ✐❧ ❛ été ♣♦ss✐❜❧❡
❞❡ s✉✐✈r❡ ❧❡ ré❛rr❛♥❣❡♠❡♥t ❞❡ ❧✬❛❞❞✉✐t ●✯●✯● ❡♥ ●●✯●✯ ❡t ❞❡ ❞ét❡r♠✐♥❡r ✉♥❡ ♣r❡✲
♠✐èr❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞✉ ré❛rr❛♥❣❡♠❡♥t✳ ▲✬ét✉❞❡ ❝✐♥ét✐q✉❡ ♣❧✉s ❝♦♠♣❧èt❡ ❡st
❛❝t✉❡❧❧❡♠❡♥t ré❛❧✐sé❡ ♣❛r ❑✳ ❈❤✈❛❧♦✈❛✳
✾✸
✾✹ ❈❍❆P■❚❘❊ ✹✳ ❈❖◆❈▲❯❙■❖◆
❚r♦✐s✐è♠❡ ♣❛rt✐❡
❘❡❝♦♥♥❛✐ss❛♥❝❡ ♣❧❛✉s✐❜❧❡ ❞✬✉♥ ❆❉◆
♣❧❛t✐♥é ♣❛r ❧❛ ▲❊❋✲■
✾✺

✾✼
▲✬❆❉◆ ❡st ❧❛ ❝✐❜❧❡ ♣r✐♥❝✐♣❛❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡✳ ❯♥❡ ❢♦✐s ❧❡ ❝✐s♣❧❛t✐♥❡ ❝♦♦r❞✐♥é s✉r s❛
séq✉❡♥❝❡ ♣ré❢ér❡♥t✐❡❧❧❡ ✭●●✱ ❆●✮✱ ❝✬❡st ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝❡ ❞♦♠♠❛❣❡ q✉✐ ✈❛ ✐♥❞✉✐r❡
❧✬❡✣❝❛❝✐té t❤ér❛♣❡✉t✐q✉❡✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❝♦♥s✐st❡ ❡♥ ❧❛ ✜①❛t✐♦♥ ❞✬✉♥❡ ♣r♦té✐♥❡ ❞❡
t②♣❡ ❍▼●✱ q✉✐ ✈❛ ❡♥s✉✐t❡ ❡♥tr❛î♥❡r ✉♥❡ ❝❛s❝❛❞❡ ❞❡ ré❛❝t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❝♦♥❞✉✐s❛♥t s♦✐t
à ❧❛ ❧✬❡①❝✐s✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ❡t à ❧❛ ré♣❛r❛t✐♦♥ ❞✉ ❜r✐♥✱ s♦✐t à ❧✬❛♣♦♣t♦s❡✳ ▲❡s ♣♦✐♥ts ❞❡
❝♦♥trô❧❡ ❞❡s ❞✐✛ér❡♥t❡s ét❛♣❡s s♦♥t ❞❡ ♠✐❡✉① ❡♥ ♠✐❡✉① ❝♦♥♥✉s ♠❛✐s ❢♦♥t ❡♥❝♦r❡ ❧✬♦❜❥❡t
❞❡ ♥♦♠❜r❡✉s❡s r❡❝❤❡r❝❤❡s ❬✻✽✱ ✻✾❪✳
▲❡ ❞♦♠❛✐♥❡ ❛❝❝❡ss✐❜❧❡ à ❧❛ s✐♠✉❧❛t✐♦♥ s❡ ❝❛♥t♦♥♥❡ ❡♥❝♦r❡ à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡ à ❧✬ét✉❞❡
❞❡ ❝♦♠♣♦sés ❞❡ t❛✐❧❧❡ ré❞✉✐t❡✱ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s à q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs
❞✬❛t♦♠❡s✳ ■❧ ♥✬❡st ❞♦♥❝ ♣❛s ❡♥❝♦r❡ ♣♦ss✐❜❧❡ ❞❡ r❡♣rés❡♥t❡r ❞❡ ♠❛♥✐èr❡ ❡①♣❧✐❝✐t❡ t♦✉s
❧❡s ♠é❝❛♥✐s♠❡s q✉✐ ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❧✬❛♣♦♣t♦s❡ ♦✉ ❧❛ ré♣❛r❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✳ ■❧ ❡st
♥é❛♥♠♦✐♥s ♣♦ss✐❜❧❡ ❞❡ ❝♦♠♠❡♥❝❡r à ét✉❞✐❡r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é ♣❛r
❧❡s ♣r♦té✐♥❡s ❍▼● ✭❍✐❣❤ ▼♦❜✐❧✐t② ●r♦✉♣✮✳
▲❛ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥ ▲❊❋✲■ ✭▲②♠♣❤♦✐❞ ❊♥❤❛♥❝❡r✲❜✐♥❞✐♥❣ ❋❛❝t♦r ■✮ ❢❛✐t ♣❛rt✐❡
❞❡ ❧❛ ❢❛♠✐❧❧❡ ❞❡s ❍▼●s✳ ❈✬❡st ✉♥❡ ♣r♦té✐♥❡ q✉✐ r❡❝♦♥♥❛ît s♣é❝✐✜q✉❡♠❡♥t ❧❛ séq✉❡♥❝❡
5′−●❆●❈❚❚❈❆❆❆●●●❚●−3′ ❡♥ ✐♥sér❛♥t ✉♥❡ ♠ét❤✐♦♥✐♥❡ ❞❛♥s ❧❡ ❞és❡♠♣✐❧❡♠❡♥t
❝réé ♣❛r ❧❡ ❝♦✉❞❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❛❞é♥✐♥❡s ✷✸ ❡t ✷✹✳ ▲❛ str✉❝t✉r❡
rés✉❧t❛♥t ❞❡ ❝❡tt❡ ❞é❢♦r♠❛t✐♦♥ r❡ss❡♠❜❧❡ à ❝❡❧❧❡ ♣r♦✈♦q✉é❡ ♣❛r ❧❛ ❝❤é❧❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡
s✉r ❞❡✉① ❣✉❛♥✐♥❡s✳ ▲❡s ❡①♣ér✐❡♥❝❡s ❞✬❛✣♥✐té s✉r ❣❡❧ ré❛❧✐sé❡s ♣❛r ❧❡ ❉r✳ ❉r✉♠♠ ♦♥t
✈❛❧✐❞é q✉❡ ❧❛ ♠✉t❛t✐♦♥ ❞❡ ❆23 ❡t ❆24 ♣♦✉r ●∗23 ❡t ●
∗
24 ✭♦✉ ●✯ r❡♣rés❡♥t❡ ✉♥❡ ❣✉❛♥✐♥❡
♣❧❛t✐♥é❡ ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡✮ ♣❡r♠❡t ❞❡ ❝♦♥s❡r✈❡r ❧✬❛✣♥✐té ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❡♥tr❡ ❧❛
séq✉❡♥❝❡ ❝✐❜❧❡ ❡t ▲❊❋✲■✳ ▲✬❛✣♥✐té ♠❡s✉ré❡ ❡st ❝♦♠♣❛r❛❜❧❡ ♣♦✉r ❧❡s ❞❡✉① séq✉❡♥❝❡s✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♣r♦té✐♥❡
✜①é❡ s✉r s❛ séq✉❡♥❝❡ ♥❛t✐✈❡ ❝✐❜❧❡✳
▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❆❉◆✲♣r♦té✐♥❡ ✭♥♦♥ ♣❧❛t✐♥é✮ ❛ ♣❡r♠✐s ❞❡ ❞é❝r✐r❡ ❧✬✐♥❝♦r✲
♣♦r❛t✐♦♥ ❞❡ ❧❛ ♠ét❤✐♦♥✐♥❡ ✶✶ ❞❛♥s ❧❡ ❞és❡♠♣✐❧❡♠❡♥t ✐ss✉ ❞❡ ❧❛ ✜①❛t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s ❡t ❞❡ s♦❧✈❛♥t ❡①♣❧✐❝✐t❡ ❛ ✐♥❞✐q✉é q✉❡ ❝❡tt❡ ✜①❛✲
t✐♦♥ s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❧❛ ♣♦ss✐❜✐❧✐té ♣♦✉r ✉♥❡ ♠♦❧é❝✉❧❡ ❞✬❡❛✉ ❞❡ s✬✐♥sér❡r ❞❛♥s ❧❛ ♣♦❝❤❡
❝réé❡ ♣❛r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧❛ ♠ét❤✐♦♥✐♥❡✳ ❉✉r❛♥t ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ✶✵ ♥s s❛♥s ❝♦♥tr❛✐♥t❡✱
❝❡tt❡ ♣♦❝❤❡ ❤②❞r♦♣❤✐❧❡ ❛ ❛❝❝❡✉✐❧❧✐ ✉♥❡ ♣r❡♠✐èr❡ ♠♦❧é❝✉❧❡ ❞✬❡❛✉ ♣❡♥❞❛♥t ✸✱✺ ♥s q✉✐ ❛
♣❛r ❧❛ s✉✐t❡ été r❡♠♣❧❛❝é❡ ♣❛r ✉♥❡ s❡❝♦♥❞❡✳
❈❡tt❡ s✐♠✉❧❛t✐♦♥ ❛ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ r❡♣r♦❞✉✐r❡ ❧❡ ♠♦❞è❧❡ ❞❡ r❡❝♦♥✲
♥❛✐ss❛♥❝❡ ❞✬✉♥❡ ♣r♦té✐♥❡ s✉r s♦♥ ❆❉◆ ❝✐❜❧❡✱ ❛✈❡❝ ❧✬✐♠♣❧✐❝❛t✐♦♥ ♣♦ss✐❜❧❡ ❞✬✉♥❡ ♠♦❧é❝✉❧❡
❞✬❡❛✉✳ ❉❡ ♣❧✉s✱ ❧❡s ❡①♣ér✐❡♥❝❡s s✉r ❣❡❧ ♦♥t ♠♦♥tré q✉❡ ❧❡ r❡♠♣❧❛❝❡♠❡♥t ❞❡s ❛❞é♥✐♥❡s
♣♦✉r ❞❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s ❝♦♥s❡r✈❡ ❧✬❛✣♥✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ♣♦✉r ❧✬❆❉◆✳ ❈❡s ❞❡✉①
rés✉❧t❛ts s✉❣❣èr❡♥t q✉❡ ❧❡ ♠♦❞è❧❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❆❉◆✲♣❧❛t✐♥é✴▲❊❋✲■ ♣❡✉t ❛❞♦♣t❡r
✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ t❡❧❧❡ q✉❡ ❝❡❧❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ♣rés❡♥té❡ ❞❛♥s ❧✬❛rt✐❝❧❡✳
❈❡ tr❛✈❛✐❧ ❡st ❞♦♥❝ ✉♥❡ ♣r❡♠✐èr❡ ét❛♣❡ ♣❧❛✉s✐❜❧❡ ✈❡rs ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧✬✐♥✐t✐❛t✐♦♥
✾✽
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Abstract
Molecular  dynamics  simulations  of  the  complex  formed  between  the  HMG  box  of  the
lymphoid enhancer-binding factor (LEF-1) and its cognate DNA duplex were carried out with
explicit  inclusion  of  water.  The simulation  started  with an  NMR-based model  (pdb code
2LEF) and the dynamics was pursued for 10 nanoseconds without constraints. It revealed that
water intervenes in many ionic/polar interactions, establishing in particular local equilibria
between direct and water-mediated hydrogen bonds, and thus increasing the entropy of the
complex. Quite unexpectedly, the simulation indicated that a binding pocket for a specific
water molecule may be reversibly formed at the apex of the bend induced in the DNA helix
by  LEF-1  binding,  where  a  methionine  side  chain  intercalates  between  two  destacked
adenines.  We  observed  that  the  specific  water  molecule  can  temporarily  replace  the
intercalated S-CH3 group, acting as a sort of "extension" of the side chain. The residence time
of this water molecule was about 3.5 ns. Simulations of the cognate DNA alone showed that
this  sequence has no intrinsic  tendency to bend; therefore,  the bending occurs solely as a
consequence of the recognition, following the "induced-fit" mechanism.
Introduction
HMG-box (HMGB) proteins bend DNA and bind preferentially to distorted DNA structures.
Their  recognition  of  specific  DNA  sites  results  from  a  combination  of  hydrophobic
interactions between the "hydrophobic cores" of the HMG-box and the minor groove of DNA,
electrostatic interactions between basic linker regions of the protein and the sugar-phosphate
DNA backbone, and base-specific hydrogen bonds (1, 2). A characteristic feature of DNA
recognition by HMGB proteins is intercalation of a hydrophobic protein residue into the cleft
produced by destacking of two base-pairs at the bending site(s). 
Several structures of HMGB protein complexes with DNA have been solved by NMR
(3-5)  or  X-ray  crystallography  (6,  7).  While  these  structures  provide  valuable  structural
information about the recognition "strategies" of HMGB proteins, they allow for only limited
insights into the dynamics of the binding. Molecular dynamics (MD) simulations has recently
become a reliable  tool  for  studying  the thermal  movement  of  proteins  and nucleic  acids,
especially  since  the  particle-mesh-Ewald  (PME)  technique  has  allowed  the  problem  of
representing long-range electrostatic forces to be overcome (8).
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In the present paper, we report molecular dynamics simulations of the HMG-box of a
sequence-specific HMGB protein, the transcription factor LEF-1, complexed with its cognate
15 bp DNA, as well as of the DNA alone. We were interested in the LEF1-DNA complex
because of the similarity between the DNA bend locus seen in this complex and DNA bent by
cisplatin  crosslinking  (7).  We  have  recently  studied  the  dynamics  of  the  cisplatin-DNA
crosslink (9), and it seemed interesting to us to compare this case of a DNA bend induced by a
covalent crosslink with that imposed by a non-covalent interaction with a protein. 
All  simulations  took account  of  the  solvent  explicitly  and  used the  particle-mesh-
Ewald method (10) to determine electrostatic interactions. The recognition complex of LEF-1
with its DNA sequence has been previously studied by NMR (3), and the NMR coordinates
were utilized as starting conformation for the simulation (Figure 1). We show here that the
simulation of the free DNA converges towards the same linear structure, whether started from
the DNA coordinates of the NMR study of the complex or from canonical B-DNA. Analysis
of the MD trajectories indicated that the recognition DNA sequence of LEF-1 does not present
a natural  tendency for  bending toward  the major  groove,  consistent  with an "induced-fit"
mechanism (11, 12). We have used the analysis of our MD simulation to address questions
such as those of the dynamics of the intercalation site, sugar pucker equilibria, the dynamics
of hydrogen bonds, and the role of BIBII interconversions. 
The amino acid and DNA sequences are given in Figure 2 along with the respective
numbering schemes. It has to be noted that in the first paper of Love et al. (3), the residue
numbering for the HMG domain of LEF-1 started with 0 and is therefore shifted by -1 with
respect to that used in their second paper (13) and to that adopted in this work.
Insert Figures 1 and 2
Methods 
The MD simulations were carried out with the SANDER module of the program AMBER
Version 6.0.  (14) run on a cluster  of IBM-compatible  personal  computers  under  Red Hat
GNU/Linux 7.1, or on an IBM Power4 P690 computer operating under AIX 5.1. The parm98
forcefield  (15)  was  used  without  modification.  The particle-mesh-Ewald  method (10,  16)
using charge grid spacing of approximately 1  Å with cubic B-spline interpolation and sum
tolerance of 10-5 Å was used to calculate the electrostatic energy. A 9 Å cutoff was applied to
Lennard-Jones  interactions.  The  MD  simulations  employed  the  SHAKE  algorithm
(tolerance=0.0005) to all X-H bonds (17) and used a time step of 2 fs. 
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The initial  coordinates  for  the  protein-DNA-complex were taken from the energy-
minimized mean structure obtained upon averaging the 12 individual structures of the PDB-
entry  for  the  NMR-derived  structure.  Two simulations  of  the  15  bp  cognate  DNA were
performed: one starting from the initial structure used for the simulation of the protein-DNA
complex (vide supra) and another from canonical Arnott B-DNA (18) constructed using the
NUCGEN module of the AMBER package. 
In order to neutralize the systems, the appropriate number of sodium counter ions (28
for the free DNA, 16 for the protein-DNA-complex) was placed at the phosphate bisectors
approximately 6 Å from the oxygen atoms. In the case of a close contact of a charged side
chain amino-acid with the phosphate, no counter ion was added. The solute was then solvated
in a rectangular box of randomly oriented water molecules (approx. dimensions: 75x74x64 Å
for the protein-DNA complex and 80x60x50 Å for the free DNA).  The TIP3P water model
was employed for all simulations along with periodic boundary conditions. 
The first  rounds of energy minimization served to relax the water molecules while
keeping fairly high positional restraints on the solute atoms. Only the final round of energy
minimization was done unrestrained (for the protocol,  see ref.  (9)).  The system was then
heated to 300 K in two rounds of 20 ps with harmonic constraints of 25 Kcal/mol.Å2  imposed
on the solute and counter ions in NVT conditions.  During the first  round, (0-150 K), the
velocities were rescaled, whereas during the second round, the system was coupled to a heat
bath  using  the  Berendsen  algorithm  (coupling  constant  of  0.2  ps).  The  system  was
subsequently relaxed in six rounds of 20 ps each during which the harmonic constraints were
subsequently relaxed to 5 Kcal/mol.Å2   for the solute and 2.5 Kcal/mol.Å2   for the counter
ions. The seventh round was 100 ps with harmonic constraints of 2.5 Kcal/mol.Å2   for the
solute only. At this point, a Maxwell-Boltzmann redistribution of velocities was carried out.
Four  more  rounds  of  equilibration  were  carried  out  (3x100,  1x200  ps)  with  position
constraints of 2.5, 1.0, 0.5 and 0.1 Kcal/mol.Å2 respectively applied to the hydrophobic core
of the protein.  Finally,  250 ps under the production conditions were run before the actual
production was started. The center of mass velocity was removed every 100 steps. In order to
avoid occasional  openings of the terminal  base-pairs,  their  Watson-Crick hydrogen bonds
were  reinforced  by  means  of  soft  distance  constraints  of  10  Kcal/mol.Å2.  A  simplified
equilibration protocol, corresponding to that used previously in ref.(9), was employed for the
simulations of the free DNA. 
The  atomic  coordinates  were  stored  every  1  ps.  The  analysis  used  the  program
CURVES(19)  for  calculation  of  helical  parameters  and  backbone  torsion  angles  and  the
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CARNAL and PTRAJ modules of AMBER 6.0 to monitor other structural features such as
distances, angles and torsions.
Results and Discussion
Global agreement between the MD simulation and the NMR-derived static models
The initial structure used to start the MD simulations was constructed by averaging the 12
published NMR-based models (3) and minimizing the energy for 20steps of steepest descent
and 1053 steps of conjugate gradient minimization. The heated and equilibrated protein-DNA
complex was followed for a production period of 10 ns without any constraints.  The rms
deviation from the initial structure rose to 2 Å during the first 1 ns and then stayed between 2
and 2.7 Å for the remaining time (not shown).  As shown in Figure 3a, the main structural
feature, i.e., the directional bend of the DNA double helix towards the major groove at the
recognition site, which is common to all the 12 NMR models published earlier (3), is also
observed during the simulation, as is the enlarged minor groove at the central base-pairs C5-
G26 to  T8-A23 (10-11.5 Å as measured by CURVES (19),  not  shown).  Thus,  the major
structural aspects of the DNA at the recognition site as observed in the NMR models, are
conserved during the simulation.
Insert Figure 3
In order to assess the extent of local conformational changes within the DNA duplex,
we have plotted the torsion angles along the backbone and the principal helicoidal parameters
as a function of time, and compared them to the values of the 12 NMR structures deposited in
the NDB. During the whole simulation period, the torsion angles  α,,  β, and  γ  remained in
their canonical ranges (i.e.,  α-,  βt,  γ+), except for a fortuitous excursion of C5 to  αtγt. The
torsion  angle  δ, ε, and ζ showed  some  fluctuations  characteristic  of  N-S  conformational
transitions of sugars and BI-BII transitions of phosphate residues (shown for the central five
base-pairs in Figure 4). This comparison  revealed one principal deviation of the simulated
structure from the NMR models: a BI B0 (or  → εtζ−→εtζt(20, 21)) transition at the G26/G27
step. This transition occurred during the heating period, and became manifest in an increased
twist  at  the  step  C4:G27/C5:G26,  and  a  decreased  twist  at  the  step  C5:G26/T6:A25,  as
compared to the NMR models (Figure 5). This BI B0 transition could either be metastable,→
if the simulated structure was "trapped" in the B0 conformation during the heating period, or
free-energy driven, which would mean that the previous refinement using NMR constraints
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did not converge towards the correct free-energy minimum. As a check, we have switched the
BI conformation of the G26/G27 step to B0 using a constraint on the  ζ  dihedral angle of
nucleotide G26, and continued the simulation for further 5 ns, after which the constraint was
removed and the structure relaxed for another 5 ns. As can be seen in Figures 3 and 4, the B0
conformation switched spontaneously back to BI as soon as the constraint was removed, and
remained  BI  until  the  end  of  simulation.  This  suggests  that  the  parm98  forcefield  in
combination with the TIP3P water model favors the BI conformation at the G26/G27 step.
The  ultimate  test  would  consist  in  comparing  the  original  NMR data  with  the  structural
features of our dynamic model; this was unfortunately not possible since the NMR data were
neither deposited nor available from the authors.
Insert Figures 4-7
Dynamic water bridges: direct versus water mediated hydrogen-bonding interactions
The potential energy of the solute (excluding the water molecules) shows fluctuations up to
450 kcal/mol; these fluctuations are compensated by opposite fluctuations of the solvation
energy (Figure 6). The fluctuations are caused mainly by interactions between ionic and/or
hydrogen-bonding  groups  which  undergo  transitions  between  direct  and  water-mediated
interactions. Most of the ion-pairs involved in such transitions involve lysines or arginines as
cations,  and glutamates or  DNA phosphates  as anions.  The most  notable fluctuations  are
shown  in  Figures  7a  (protein-DNA)  and  7b  (protein-protein)  as  plots  of  characteristic
interatomic distances as a function of time, together with the interatomic separations observed
in Love's 12 NMR models (3). It can be seen that for many of the distances fluctuating during
the MD simulation, there are also differences among the 12 NMR models (e.g., R46(Cγ)-P8;
N75(Nδ)-P23). On the other hand, some of the distances predicted by the MD simulation to
fluctuate  are  uniform  among  the  NMR  models  (e.g.,  S30(Oγ)-A25(N3);  K15(Nζ)-P25).
Structural refinement using NMR constraints, such as applied in the study by Love et al. (3)
cannot reproduce dynamic equilibria, and the constraints may drive the structure towards one
of the energy minima, or towards an unphysical mean structure (22, 23). Therefore, our MD
simulation is a valuable complement to the NMR study. It can not be excluded, however, that
some of the discrepancies reflect insufficient statistical sampling in our simulation, so that our
time average does  not  correspond to  the NMR-observed time-average.  Direct  comparison
between MD-simulated distances and the distance data used in the NMR refinement would
resolve this ambiguity; unfortunately, the original distances were not available.
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Protein binding modifies sugar conformations of the DNA
An important aspect of the adaptation of the DNA to the protein surface is the displacement of
the NS conformational equilibria of the deoxyribose rings. Structure refinement of these
flexible  parts  using  NMR-derived  distance  constraints  can  be  problematic  due  to  the  r-6
dependence of the NOE volume (22). Unrestrained MD simulations, on the other hand, give a
dynamic description of sugar pucker equilibria. The sugar puckers of the LEF1-DNA complex
have not been discussed in the description of the NMR structure (3), however, the 12 models
deposited in the pdb database do show some interesting particularities which can be compared
with the results of our MD simulation. The phase angles P of the deoxyriboses are plotted for
the central five base-pairs in Figure 4. Obviously, the trinucleotide C5:T6:T7 at the kink site
is confined to N-type sugar puckers ("north", 0°<P<60°), as shown both by the NMR models
and our MD simulation, although a certain flexibility of C5 is indicated by the simulation.
The  adjacent  nucleotide,  T8,  strongly  fluctuates  between  N  and  S  ("south",  P>120°)
conformations,  frequently  assuming an E ("east",  60°<P<120°) conformation,  and similar,
although  less  dramatic,  variations  are  observed  between  the  different  NMR models.  The
complementary nucleotide, A23, also shows fluctuations during the simulation,  but with a
more pronounced preference for either N or S, the S conformation being preponderant. In the
NMR models, on the other hand, the A23 sugar pucker is exclusively N. This difference could
be due to an artifact of the structure refinement under NMR constraints, since the parm94
forcefield  of  AMBER  used  is  known  to  bias  deoxyribose  puckers  towards  the  N
conformation, whereas this tendency was counterbalanced (by increasing the V2 term for the
O4'-C4'-C3'-O3'  torsion  angle)  in  the  parm98  version  (15)  that  was  used  in  our  MD
simulations.
The  repuckering  of  C5,  T6  and  T7  to  N  is  quite  obviously  related  to  the  local
contraction of the backbone due to the bend induced on the DNA double helix. In the mean
structure calculated over the first  (unconstrained) 10 ns of the production period, the P-P-
distances between the phosphates of C5pT6pT7 and T6pT7pT8 are shortened to 5.93 Å and
6.16 Å, respectively (canonical Arnott-B-DNA: 7.0 Å).
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Protein binding displaces BIBII conformational equilibria
Another  “strategy“  used  by  nucleic  acids  to  match  the  surface  of  a  recognition  protein
involves  rotations  of  the  phosphate  residues  about  the  ε and  ζ torsion  angles.  Equilibria
between the canonical  εtζ− conformation (so-called BI conformation) and the alternative ε-ζτ
(BII) or εtζt (B0) conformations (20, 21) are observed in DNA at certain sequences, and shifts
of these equilibria  upon protein binding have been reported (21,  24). It  can be seen from
Figure 4 that for the homopyrimidine block C4-T8, the MD simulations and NMR models are
in agreement and indicate that the phosphodiester groups are all fixed to the canonical BI
conformation.
For  the  homopurine  block  of  the  opposite  strand  (A23-G27),  the  NMR  models
indicated that the nucleotide A25 is in BII and G26 in B0 conformation. In contrast, the MD
simulation showed during the first 10 ns G26 in the canonical BI conformation whereas A25
was  seen  in  a  conformation  closer  to  BII  than  B0 (ε  210°,  Figure  4).  In  addition,  a≈
fluctuating behavior for A23 was observed. As a check, we switched the conformation of G26
from BI to B0, constraining its ζ torsion angle to 180° (k = 50 Kcal/mol.rad2), and continued
the simulation with the constraint for 5 ns. This induced an increase in the ε torsion angle of
A25 towards gauche-, i.e., A25 approached the BII conformation seen in the NMR models.
The  base-pair  twist  angles  at  the  steps  C5:G26/T6:A25  and C4:G27/C5:G26  also  moved
towards  values  seen  in  the  NMR models  (Figure  5).  When  the  constraint  on  G26ζ was
switched off (at 15 ns of the production period), the two twist angles returned to their original
values,  and  the  B0/BI  conformation  of  the  A25/G26  dinucleotide  was  restored.  This
alternative  conformation  of  the  backbone of  the  homopurine  block  identified by the  MD
simulation corresponds thus to a stable energy-minimum.
Insert Figures 8 and 9
Dynamics of the bend locus
Partial  intercalation of hydrophobic residues between two destacked base-pairs  has
been identified as a principal “strategy” used by HMG-box (HMGB) proteins to bind and to
bend DNA (1, 2), and has been observed so far in all molecular structures of HMGB-DNA
complexes at atomic resolution (see Figure 3 in ref.(2)). In the case of LEF-1, the intercalating
residue is methionine M11, and the intercalating site is situated between adenines A23 and
A24 which are strongly destacked (note the large roll in Figure 5b). The intercalation of M11
seems to be assisted by M14, whose methyl group is in close contact to the one of M11.
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The present MD study was expected, first, to bring a dynamic dimension to the static
and time-averaged picture of site-specific recognition emanating from the NMR study, and
second, to reveal an eventual role of specific water molecules in this recognition. In fact, our
simulation indicated that the S-CH3 group of methionine M11 may not remain fixed in the
intercalation site but can exchange with another position further away from the cavity. Figure
7b shows the distances from the M11 methyl carbon (Cε) to the N1 atoms of A23 and A24,
and to the Cε atom of the other methionine, M14, which remains practically stationary during
the simulation. At the beginning of the simulation, the methyl carbon of M11 is at ~4 Å from
A23N1, A24N1, and M14Cε, whereas at  ~1200 ps, the M11 methyl group leaves the cavity
and all three distances increase. This displacement of the M11 methyl group is due partly to a
rotation about the Cγ-Cδ bond, partly to displacements of the whole residue. After ~4600 ps,
M11Cε returns into the cavity and the short  distances are restored. A detailed analysis has
revealed that the site of M11Cε  in the intercalation site is taken over by a specific water
molecule which is apparently crucial for the stabilization of the position of M11Cε outside the
gap  between  A23  and  A24  (Figure  8).  This  water  molecule  ("H2O  A")  occupies  at  the
beginning of the simulation a cavity delimited by the amino acids M14, R18, S30, et I33, and
the dinucleotide A24pA25 (Figure 8a). At 1075 ps, H2O A leaves this cavity (Figure 8b) and
when it passes between the methionines M11 and M14 (Figure 8b), it collides at 1272 ps with
another water molecule ("H2O B") which "pushes" it into the notch between  A23 and A24,
thus  replacing the M11 S-CH3 group.  The latter  is  rotated and translated away from this
intercalation site (Figures 8c+d). At ~3050 ps, H2O B moves towards the cavity occupied
initially  by H2O A (Figure 8e).  Finally,  at  ~5000 ps,  H2O A leaves the intercalation site
(Figures 8f+g). Figure 9 gives another account of the movements of the two water molecules,
plotting their distances to the H2 atom of adenine A24 as a function of time. On perusal of
Figures 5 and 7, it can be seen that the displacement of  the M11 S-CH3 group out of the
intercalation site is accompanied by a diminution of the roll at the T7:A24/T8:A23 step.
Our MD simulation thus confirms, on one hand, that the intercalation of M11 between
A23 and A24, as seen in all 12 NMR models, corresponds to a stable conformation; however,
it suggests that an alternative conformation may exist where the intercalation site is taken over
by  a  water  molecule.  The  refinement  of  Love  et  al.  could  not  have  revealed  such  a
conformation since the water molecules of the solvent were not explicitly modeled.
It is interesting to compare the dynamics of the bend locus between A23 and A24 with
that of the previously studied bend induced by covalent crosslinking of two adjacent guanines
by the antitumor drug cisplatin (9). In that case, the cavity between the destacked guanines is
constantly  filled  with  water  molecules,  and  we  suggested  that  solvation  stabilizes  the
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destacking and increases the bend angle with respect to solid state structures. It is interesting
to observe, in the present MD simulation, that water molecules can, in principle, help to fill
the gap between destacked bases even in the case of a protein-DNA complex. Here the role of
stabilizing the bend is basically fulfilled by the intercalating protein residue (M11) but our
simulation suggests that the intercalation could be supplemented (or even alternated with)
specific water molecules. The lifetime of these specific water molecules is indicated to be of
several nanoseconds (Figure 9) and they should thus be detectable by NMR spectroscopy (25,
26).
Free DNA shows no intrinsic tendency to bend
The simplest recognition mechanism between proteins and substrates is the so called key and
lock  mechanism  (12).  If  this  mechanism  applied  to  the  recognition  of  the  15  bp  DNA
sequence by the HMG-domain of LEF-1, a sub-population of kinked DNA would be expected
to exist even without the presence of protein. In order to test this hypothesis, we carried out
two individual molecular dynamics simulations with the free 15 bp oligonucleotide. The first
simulation was started with the DNA in the kinked conformation extracted from the complex
with LEF-1. The second started with a standard B-DNA conformation. The bent DNA taken
from the complex with LEF-1 straightened already during the equilibration procedure and the
resulting MD production showed the same features as the one started from linear B-DNA. It is
interesting to note that in a previously reported MD study of the structurally related complex
between  the  HMG  domain  of  human  SRY  protein  and  its  cognate  DNA  (12),  using
CHARMM, the control simulation starting with the bent structure occurring in the complex,
did not restore the linear B-DNA form of the free DNA previously determined by NMR (4).
Figure 3 compares the kink angle and the kink direction, as determined by the program
CURVES (19), both for the free and the complexed DNA. In the complex a clear preference
for high amplitude (40 to 90°)  bending in the direction of the major groove (kink direction
180°) is observed. The free DNA shows only a tendency for slight (up to 45°), non-directional
bending. We  conclude  that  there  exists  no  sub-population  in  the  free  DNA  showing  a
directional kink towards the major groove, which renders the hypothesis of a pre-formed kink
unlikely. 
In line with the absence of predisposition for bending, we detected no tendency of the
trinucleotide C5:T6:T7 to assume N puckers, or of the nucleotides A25 and G26 to assume B0
or BII conformations. Interestingly, in the free DNA, the phosphate A23pA24 is found almost
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purely in  BII conformation with only few transitions  to BI,  whereas in  the complex,  this
equilibrium is clearly shifted towards BI. 
The  significant  conformational  changes  that  DNA  undergoes  upon  forming  the
complex with LEF-1 do therefore not seem to be facilitated by intrinsic pre-disposition for
such  changes.  Very  recently,  it  has  been  shown  by  Wright  et  al.  that  the  protein  also
undergoes significant restructuration upon complex binding (13). Thus, structural adaptation
of both partners is necessary for the formation of the LEF1-DNA complex.
Conclusion
The present MD simulations of the solvated LEF1-DNA recognition complex and of
the  free  DNA  provided  several  interesting  insights  into  the  recognition  mechanism,
complementing the NMR studies by Love et al. (3, 13) . First, the simulation of the DNA
sequence alone showed that this sequence has no intrinsic tendency to bend towards the major
groove. Therefore, the directional bend observed in the complex is a pure consequence of
protein  binding.  Second,  the  simulation  of  the  complex  suggested  some alternative  local
conformations to those found previously. For instance, the sugar conformation of A23 was
indicated to  be dynamic, with an important  contribution  of the S pucker,  whereas  all  the
NMR-based models converged to an N conformation. This may be related to the properties of
the parm94 forcefield used in the NMR refinement, which biases deoxyribose sugars towards
N.  Another  point  where  the simulations  indicated  a  different  local  conformation  was the
phosphodiester  group between nucleotides G26 and G27 which in the simulation had the
canonical BI conformation whereas the NMR models showed a B0 conformation. Third, the
explicit  representation of water  molecules made it  possible  to  observe dynamic exchange
between direct ionic and/or hydrogen-bonding interactions,  and those mediated by one or
more water molecules. Thus, the entropic cost of the general rigidification upon complexation
may  be  partly  compensated  by  fluctuations  at  the  protein-DNA  interface.  Finally,  we
observed an interesting event where a specific water molecule replaced the  S-CH3 group of
methionine  M11  from  the  intercalation  site  between  A23  and  A24;  this  conformation
persisted for nearly four nanoseconds.
Molecular  dynamics  simulations  are  a  powerful  tool  for  studying  dynamic
conformational equilibria of macromolecules, especially when they are backed up by NMR
data. The value of the present study could have been considerably increased, if the original
NMR data  previously  recorded  for  the  same  system were  available.  This  underlines  the
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importance of depositing not only the atomic coordinates (which are biased by the technique
of structural refinement) but also the original NMR constraints.
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Figure Captions
Figure  1: Schematic  representation  of  the  NMR  structure  of  Love  et  al.  (3)  (energy-
minimized average used as initial structure for the MD simulation). The DNA is represented
in blue as a licorice model, with the two destacked adenines in dark-blue sticks, the protein is
shown as a  green ribbon,  with the intercalating  methionine M11 highlighted as  red  CPK
model.  The  figure  was  generated  using  the  programs  VMD  (27)
(http://www.ks.uiuc.edu/Research/vmd) and POV-Ray (http://www.povray.org).
Figure 2.  Sequences of the HMG-Domain of LEF-1 (a) and its cognate DNA (b). Helical
domains of the protein are printed in bold and underlined.
Figure 3: Correlation between the kink angle (amplitude) and kink direction of a) the DNA in
the complex with protein and b) of the free DNA without the protein during the molecular
dynamics. The red squares indicate the parameters for the NMR structures.
Figure 4. Plot of the torsion angles ε (a) and ζ (b) of the sugar-phosphate backbone, and of
the deoxyribose phase angles (c) of the central base-pairs, of the cognate DNA complexed
with LEF-1, as a function of simulation time. Note that a dihedral constraint to G26ζ (180°, k
= 50 Kcal/mol.rad2) was applied between 10 and 15 ns. The values found in the 12 NMR
models (pdb accession number 2LEF) are shown in the right panel.
Figure 5. Plot of the helicoidal parameters twist (a) and roll (b) (calculated using the "global"
helix axis, as determined by CURVES (19)) of the central  five base-pairs,  of the cognate
DNA complexed with LEF-1, as a function of simulation time. The values found in the 12
NMR models (pdb accession number 2LEF) are shown in the right panel. 
Figure 6. Potential AMBER energy (black) and solvation energy (red; calculated using the
Generalized Born method implemented in AMBER6.0) plotted as a function of simulation
time.
Figure  7.  Protein-DNA  (a)  and   protein-protein  (b)  interatomic  distances  undergoing
important fluctuations during the production period of the MD simulation. The values found
in the 12 NMR models (pdb accession number 2LEF) are shown in the right panel.
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Figure 8. Snapshots showing the dynamics of the intercalation site, as described in the text.
Water molecules "A" and "B" are shown in red and silver, respectively. a) 1007 ps; b) 1075
ps; c) 1272 ps; d) 1274 ps; e) 3420 ps; f) 4587 ps; g) 4957 ps. The dashed lines connect the O
atom of water molecule "A" with the H2 atom of adenine A23, and the Cε atoms of M11 and
M14 with each other.
Figure 9. Positions  of the water  molecules "A" (red) and "B" (silver)  represented as the
distance from the H2 atom of adenine A24, plotted as function of simulation time.
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Table SI: 
Solute
Number of
solute atoms
Number of
solvent
molecules
Box size / Å Time / ns
Protein-DNA-Complex 2433 + 16 Na+ 9427
x: 74,7
y: 73.7
z: 63.7
20.0
DNA 15 nat 950 + 28Na+ 6571
x: 79,2
y: 59,6
z: 49,5
5.0
DNA 15 gen 950 + 28Na+ 5410
x: 79,6
y: 49,6
z: 49,5
5.0
DNA 15 GGG 947 + 28 Na+ 5374
x: 76.2
y: 47.4
z: 47.4
5.0
Protein 1483 + 12 Cl- 8384
x: 72.5
y: 73.3
z: 63.4
4.0
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✶✸✼
▲❡s ❝✐❜❧❡s t❤ér❛♣❡✉t✐q✉❡s ♣r✐♥❝✐♣❛❧❡s ❞✉ ❝✐s♣❧❛t✐♥❡ s♦♥t r❡str❡✐♥t❡s✱ ❡t ❜✐❡♥ q✉✬✐❧
s♦✐t ✉t✐❧✐sé ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡ ♥♦♠❜r❡✉s❡s ❝❤✐♠✐♦t❤ér❛♣✐❡s✱ ❧❛ r❡❝❤❡r❝❤❡ ❞✬❛❣❡♥ts ❝❤✐✲
♠✐q✉❡s à s♣❡❝tr❡ ❞✬❛❝t✐✈✐té ❞✐✛ér❡♥t ❡st ♥é❝❡ss❛✐r❡✳ ❉❛♥s ❝❡tt❡ ♣❡rs♣❡❝t✐✈❡ ❧❡s ❝♦♠♣♦sés
♠✉❧t✐♣❧❛t✐♥és ♦♥t été ét✉❞✐és ❬✻✷✱ ✻✸✱ ✽✾✱ ✾✵❪✳ ❈❡s ❝♦♠♣❧❡①❡s ♦♥t ♣♦✉r ❝❛r❛❝tér✐st✐q✉❡
♣r✐♥❝✐♣❛❧❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ s✉r ❧✬❆❉◆ ❛✈❡❝ ✉♥❡ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣♦✐♥ts ❞❡ ♣❧❛t✐✲
♥❛t✐♦♥ s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡✱ ❝❡ q✉✐ ✐♥❞✉✐t ♣❡✉ ❞❡ ❞é❢♦r♠❛t✐♦♥s str✉❝t✉r❛❧❡s✳
❈❡s ❝♦♠♣❧❡①❡s ♦♥t ❝❡♣❡♥❞❛♥t ❧❡ ❞é❢❛✉t ❞❡ ♥❡ ♣❛s êtr❡ ❞✐r❡❝t✐♦♥♥❡❧s✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à
✉♥ ♠é❧❛♥❣❡ ✐♥tr❛✲❜r✐♥ ✴ ✐♥t❡r✲❜r✐♥s ❞❡ ❝❤é❧❛t❡s✱ à ❞❡s ❞✐st❛♥❝❡s ❞❡ ♣❧❛t✐♥❛t✐♦♥ ✈❛r✐❛❜❧❡s✳
P♦✉r s♣é❝✐✜q✉❡♠❡♥t ✐♥❞✉✐r❡ ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❝✐❜❧é❡ à ❧❛ ❣é♦♠étr✐❡ ✜①❡✱ ❞✐✛ér❡♥t❡ ❞❡
❝❡❧❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡✱ ❧❡ ❝♦♠♣❧❡①❡ ♣②r❛③♦❧❛t♦✲❜✐s♣❧❛t✐♥❡ ❛ été ❝♦♥ç✉ ❡t s②♥t❤ét✐sé✳ ❈❡❧✉✐✲
❝✐ ♣rés❡♥t❡ ✉♥❡ ❛❝t✐✈✐té ❝②t♦t♦①✐q✉❡ ✐♥ ✈✐tr♦✱ ❛✈❡❝ ✉♥ s♣❡❝tr❡ ❞✬❛❝t✐✈✐té ❞✐✛ér❡♥t ❞✉
❝✐s♣❧❛t✐♥❡✳
▲✬éq✉✐♣❡ ❞✉ Pr✳ ❘❡❡❞✐❥❦ ❛ s②♥t❤ét✐sé ❧❡ ❝♦♠♣❧❡①❡ ❡t ♣r♦❝é❞é à s♦♥ ❛♥❛❧②s❡ ❡♥ ❘▼◆✳
▲❡ tr❛✈❛✐❧ ❞❡ s✐♠✉❧❛t✐♦♥ ❛ été ✐♥✐t✐é ♣❛r ❧❡ ❉r✳ ❚❡✉❜❡♥ ❡t ❧❡ ❉r✳ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ✭❞②♥❛✲
♠✐q✉❡s ♣ré❧✐♠✐♥❛✐r❡s ❡t ✐♥❝❧✉s✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✮ ❡t ❥✬❛✐ ❡✛❡❝t✉é
❧❡s s✐♠✉❧❛t✐♦♥s ♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛❞❞✉✐t✳
▲❡ ♠♦❞è❧❡ ✐ss✉ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ r❡♥❞ ❝♦♠♣t❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❘▼◆ ❡t ✈❛❧✐❞❡ ❧✬❛♣✲
♣r♦❝❤❡ t❤é♦r✐q✉❡ ❞❡ ❝♦♥❝❡♣t✐♦♥ ❞✬✉♥ ❝♦♠♣♦sé ✐♥❞✉✐s❛♥t ✉♥❡ ❞é❢♦r♠❛t✐♦♥ ❞✐✛ér❡♥t❡ ❞❡
❝❡❧❧❡ ❡♥❣❡♥❞ré❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡✳
▲✬ét✉❞❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ré✈è❧❡ q✉❡ ❧❡ ❝♦♠♣♦sé ❞ér♦✉❧❡ s♦♥ ❆❉◆ ❝✐❜❧❡ ❞✬❡♥✈✐r♦♥
✶✵✝✭❝♦♠♠❡ ❧❡ ❝✐s♣❧❛t✐♥❡✮ ❡t q✉❡ ❧❡ ❝♦✉❞❡ ✐ss✉ ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡
❧✬❆❉◆ ❧✐❜r❡✳ ▲❛ r✐❣✐❞✐té ❞✉ ❝♦♠♣❧❡①❡ ♥❡ ♣❡rt✉r❜❡ ♣❛s ❧✬❡♠♣✐❧❡♠❡♥t ❞❡s ❜❛s❡s ♣❧❛t✐♥é❡s✱
❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧❛ ♥♦♥✲♣❡rt✉r❜❛t✐♦♥ ❞❡ ❧❛ ❝♦✉r❜✉r❡✳ ❊♥ ❡✛❡t ❧❛ ❞✐st❛♥❝❡G5 : N7−G6 : N7
❞❡ ✸✱✾ ➴ ♣❡r♠❡t ❞❡ ❧✐♠✐t❡r ❧❛ ❞é❢♦r♠❛t✐♦♥ ❜❛s❡✴❜❛s❡✳
❈❡tt❡ s✐♠✉❧❛t✐♦♥ ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ ♣ré❝✐sé♠❡♥t ❧❛ str✉❝t✉r❡ ❞✉ ❝♦♠♣❧❡①❡ ♣②r❛③♦❧❛t❡✲
❜✐s♣❧❛t✐♥❡✳ ▲❛ str✉❝t✉r❡ ♦❜s❡r✈é❡ ♣rés❡♥t❡ ❝♦♠♠❡ ❛tt❡♥❞✉ ✉♥❡ ❣é♦♠étr✐❡ ré❣✉❧✐èr❡ ❞❡
❧✬❆❉◆ ✭♣❛s ❞❡ ❝♦✉❞❡ ♣r♦♥♦♥❝é ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝✐s♣❧❛t✐♥❡✮ ❡t ✐♥❞✉✐t ❧♦❝❛❧❡♠❡♥t
✉♥ ❞ér♦✉❧❡♠❡♥t✳ ❈❡ ❝♦♠♣♦sé ♣♦ssè❞❡ ✉♥❡ ❛❝t✐✈✐té ❝②t♦①✐q✉❡ ✐♥ ✈✐tr♦✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡
❧❛ ❞é❢♦r♠❛t✐♦♥ ✐♥❞✉✐t❡ ❡st s✉✣s❛♥t❡ ♣♦✉r ✐♥❞✉✐r❡ ✉♥❡ ❝❛s❝❛❞❡ ré❛❝t✐♦♥♥❡❧❧❡✳ ❈♦♠♣t❡✲
t❡♥✉ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛❝q✉✐s❡s s✉r ❧❡ ❝✐s♣❧❛t✐♥❡✱ ✐❧ ❡st r❛✐s♦♥♥❛❜❧❡ ❞❡ s✉♣♣♦s❡r q✉❡ ❧❛
❝❛s❝❛❞❡ ré❛❝t✐♦♥♥❡❧❧❡ ✐♥❞✉✐t❡ ♣❛r ❧❡ ❝♦♠♣♦sé ❡st ❞✐✛ér❡♥t❡ ❞✉ ❝✐s♣❧❛t✐♥❡✳ ❯♥❡ ét✉❞❡ ❡①✲
♣ér✐♠❡♥t❛❧❡ ♣❡r♠❡ttr❛ ❞❡ ❞ét❡r♠✐♥❡r q✉❡❧❧❡s ♣r♦té✐♥❡s s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬✐♥✐t✐❛t✐♦♥
❞❡ ❝❡tt❡ ❝❛s❝❛❞❡ ♠❛✐s ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ♣r♦té✐♥❡s ❍▼● ♥✬❡♥ ❢❡r♦♥t ♣❛s ♣❛rt✐❡✳
▲❡ ♠♦❞❡ ❞✬❛❝t✐♦♥ ❞✉ ♣②r❛③♦❧❛t❡✲❜✐s♣❧❛t✐♥❡ ♣♦✉rr❛✐t ❝♦rr❡s♣♦♥❞r❡ à ❧❛ ✈♦✐❡ ❞❡ ré♣❛✲
r❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ♣❧✉tôt q✉✬à ❧✬✐♥❞✉❝t✐♦♥ ❞❡ ❧✬❛♣♦♣t♦s❡✳
✶✸✽
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Abstract: The cytotoxic, pyrazolato-bridged dinuclear platinum(II) complex [{cis-
Pt(NH3)2}2(µ-OH)(µ-pz)]2+ (pz = pyrazolate), was found to cross-link two adjacent guanines of a 
double-stranded DNA decamer without destabilizing the duplex and without changing the 
directionality of the helix axis. A 1H NMR study of the oligonucleotide d(CTCTG*G*TCTC)-
d(GAGACCAGAG), crosslinked at the two G* guanines by {cis-Pt(NH3)2}2(µ-pz)3+, and 
molecular dynamics simulations of the explicitly solvated duplex were accomplished to 
characterize the structural details of the adduct. The dinuclear platinum crosslink unwinds the 
helix by approximately 10°, i.e. to a similar extent as the widely used antitumor drug cisplatin, 
but, in contrast to the latter, induces no significant bend in the helix axis. The Watson-Crick 
base-pairing remains intact, and the melting temperature of the duplex is unaffected by the 
cross-link. The helical twist is considerably reduced between the two platinated bases, which 
becomes manifest in an unusually short sequential H1'-H1' distance. This unwinding also 
affects the sugar ring of the guanosine 3' to the crosslink which presents an N↔S equilibrium. 
This is the first antitumor-active platinum complex which was successfully designed 
envisioning the structural consequences of its binding to DNA. 
 
Keywords: antitumor agents; molecular modeling; nuclear magnetic resonance; 
oligonucleotides; platinum 
 3 
Introduction 
 
The structural distortion of DNA caused by the binding of cisplatin (cis-
diamminedichloroplatinum(II)) is accepted to play a pivotal role in the mechanism of action of 
this widely used antitumor drug.[1, 2] The clinical use of cisplatin is not only restricted by its 
toxicity, but also by resistance development, and by the limited scope of cancers against which 
it is active.[3, 4] Most of the cisplatin analogues that were synthesized to overcome toxicity 
problems have a similar activity profile as cisplatin.[4-6] 
The major cross-link formed when cisplatin reacts with DNA is the 1,2-d(GG)-
intrastrand adduct.[7] DNA in this adduct is locally distorted from normal B DNA, and the 
duplex is bent by 55-78° toward the major groove.[8-14] This distorted Pt-DNA structure is 
specifically recognized by DNA recognition proteins, which likely mediate the cytotoxic 
activity of cisplatin.[15-17] 
Recent research has focussed on compounds that form different types of cross-links 
with DNA. Farrell and co-workers[18, 19] have reported various di- and trinuclear platinum 
complexes that possess antitumor activity in vitro and in vivo and are characterized by lacking 
cross-resistance with cisplatin. These compounds produce different kinds of DNA cross-links 
and the structures of their DNA adducts drugs are drastically different from the distortions 
induced by cisplatin[20, 21] These results suggest that different DNA binding modes have 
different biological effects, and thus confer different activity profiles to the drugs inducing 
them. 
One conceivable strategy for the development of new antitumor complexes is based on 
attempts to diminish the bend angle induced by the cisplatin 1,2-d(GG) cross-link. Following 
this idea, Kozelka et al.[22]  have synthesized dinuclear hydrazine-bridged complexes; these 
species were highly cytotoxic in vitro, but failed to show activity in animal models. More 
promising compounds based on this strategy are azolato-bridged dinuclear platinum complexes 
recently reported by Komeda et al..[23-25] In particular, the complex [{cis-Pt(NH3)2}2(µ-OH)(µ-
pz)]2+ (pz = pyrazolate, see Figure 1), featuring one pyrazolate and one hydroxide as bridging 
ligands, was shown to possess a cytotoxicity against MCF7 cells which is ~40 times higher than that 
of cisplatin, and to be active against cisplatin-resistant cells in vitro.[23]  
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Figure 1. Structure of [{cis-Pt(NH3)2}2(µ-OH)(µ-pz)][NO3]2 (1). The numbering of the 
aromatic protons is indicated. 
 
The µ-hydroxide of [{cis-Pt(NH3)2}2(µ-OH)(µ-pz)][NO3]2 (1)  acts as a leaving group, and 
the bridging rigid pyrazole keeps the distance between the two Pt atoms at the right distance to 
enable binding of two neighboring guanines. This binding was illustrated in a recently reported 
crystal structure of the complex [{cis-Pt(NH3)2(9-Et-Gua)}2(µ-pz)]3+.[25] In this structure, the two 
9-ethylguanines are stacked in a way suggesting that incorporation of such a cross-link into B DNA 
would cause relatively minor distortions, in contrast to 1,2-GG intrastrand cross-links formed by 
cisplatin. Thus, 1 is the first antitumor active complex whose design rationale was based on 
envisioning a specific structural distortion caused upon binding to DNA, i.e., notably avoiding 
a significant curvature of the DNA helix. 
In order to carry out a detailed analysis of this distortion in a DNA duplex, we have reacted 
[{cis-Pt(NH3)2}2(µ-OH)(µ-pz)]2+ with the decamer oligonucleotide d(CTCTGGTCTC) (ssI), and 
subsequently annealed the platinated single strand with its complementary strand 
d(GAGACCAGAG) (ssII). The resulting duplex containing the G-Pt-pz-Pt-G cross-link (dsII) was 
studied using high resolution 1H NMR and molecular dynamics (MD) simulations. The NOESY 
spectra of this platinated oligonucleotide differ only locally from the spectra of the unplatinated, 
undistorted duplex of the same sequence. The modeling work focussed therefore on a precise 
characterization of the local distortion. To this end, we performed unrestrained MD simulations of 
the platinated duplex, solvated in a periodic box of ~5000 water molecules. The trajectory of the 
MD simulation was a posteriori compared with the NMR data. 
 
 5 
Results 
Preparation and stability of the platinated DNA duplex: Upon reaction of [{cis-
Pt(NH3)2}2(µ-OH)(µ-pz)][NO3]2  with ssI at pH 4.0 one major product is seen in the anion 
exchange FPL chromatogram. The unplatinated ssI (charge –9) elutes at 11.00 minutes, and 
the newly formed platinated single strand (ssIII) containing the Pt-pz-Pt 1,2-intrastrand cross-
link elutes at 9.02 minutes, in agreement with the reduced negative charge of –6. As in the case 
of the reaction with 9-ethylguanine,[25]and 5’-GMP,[26] no intermediate species are observed. 
After 3 days the peak corresponding to ssI had almost completely disappeared and ssIII had 
formed in 90% purity. After titration of the complementary strand ssII (eluting at 10.57 min), 
the duplex d(CTCTG*G*TCTC)·d(GAGACCAGAG) (dsII; G* denotes a guanine involved in 
the Pt-pz-Pt cross-link) forms almost instantaneously. The dsII elutes at 12.29 min. 
 
Tm determination: An important measure of distortion is the melting temperature of the platinated 
DNA compared to the unplatinated DNA. The melting curves of dsI and dsII were determined at 
identical conditions (3.4 ·10-9 M in 1 M NaCl, 50 mM phosphate buffer, pH 7.0). The Tm = 49 ± 1 
°C for the unplatinated dsI and Tm = 48 ± 1 °C for the platinated dsII are within the error limits, and 
therefore it can be concluded that the DNA duplex is not significantly destabilized by binding of 
{cis-Pt(NH3)2}2(µ-pz)3+. 
 Duplex stability of the NMR sample of dsII (4 mM, 50 mM phosphate buffer pH 7.0, no 
additional NaCl added) was checked with NMR before conducting 2D experiments. All 
exchangeable protons remain visible until the duplex is heated to 293 K. At higher temperatures 
these signals broaden and at 323 K they disappear entirely. All subsequent NMR experiments were 
conducted at 283 K. At this temperature the sample is still in duplex conformation and overlap of 
the H3’ peaks with the H2O peak is minimized. Both dsI and dsII were found to be stable for at 
least 1 week at ambient temperature. 
 
NMR studies 
Assignments of chemical shifts: The labeling of atoms and torsion angles in an oligonucleotide is 
defined in Figure 2. Combined used of TOCSY and NOESY spectroscopy allowed the assignment 
of the protons of dsI and dsII.[27-29] The NOESY region (200 ms mixing time) of duplex dsII 
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visualizing the cross-peaks of the pyrazole moiety is shown in Figure 3a. The sequential 
assignment pathway of dsII is shown in Figure 3b. 
 
 
 
Figure 2. Labeling of atoms and torsion angles within the DNA tetranucleotide TGGT. 
Crosslinking of the two guanines by the Pt-pz-Pt residue is shown as well. This is a fragment of 
the structure shown later in Figure 7, and the picture serves to identify atoms in the central part 
of the platinated strand close in space and susceptible to give rise to NOE crosspeaks. 
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Figure 3. Contour plots of two regions of the 200 ms NOESY spectrum of duplex dsII. a: The 
region of the cross-peaks of the pyrazole protons. b: The H8/H6 to H1'/H5 region. The 
sequential assignment pathway for both strands is indicated. The missing connectivity is 
indicated with an empty box. Assignments of cytidine H6/H5 cross-peaks are also indicated, 
and the pyrazole to DNA cross-peaks in this region are encircled. 
 
The adenine H2 protons could easily be identified from their long relaxation times in the T1 
relaxation experiment, and were assigned on the basis of intraresidual H2 to H1’ cross-peaks 
and sequential n H2, (n+1) H1’ contacts. H2’ and H2’’ sugar protons were assigned 
stereospecifically on the basis of the intensities of the H1’ to H2’/H2’’ contacts.[30]  No 
stereospecific assignments were obtained for H5’ and H5’’. For the unplatinated dsI the H2 
and H5’ and H5” protons were not assigned. The pyrazole protons (see Figure 1 for 
numbering) were assigned as follows: the H5 proton was assigned as closest to G5*, i.e. the 5’ 
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side of the Pt-pz-Pt lesion. H3 is directed to the 3’ side and H4 is the central proton. Figure 3a 
shows the cross-peaks of the H8/H6 protons with the three pyrazole protons. In the imino 
region of the 1H NMR spectrum in H2O all imino protons were identified (with the exception of 
those of the 3’ terminal G11), indicating that the Watson-Crick hydrogen bonding is conserved 
among the platinated bases. Each of these imino protons shows cross-peaks in the NOESY spectra 
in H2O/D2O. The chemical shifts of the non exchangeable protons are listed in Table 1. 
 The plot of differential chemical shifts of the platinated dsII versus those of the 
unplatinated dsI (Figure 4) immediately revealed some intriguing differences. Presence of the 
Pt-pz-Pt complex shifts the resonances in the vicinity of the platinum lesion. Most striking is 
the upfield shift of the H8 protons of G5* and G*6. Upon platinum coordination at the N7 
atom, the H8 protons are normally shifted downfield, because of the inductive effect of 
platinum binding.[31] This exceptional upfield shift of G5* and G*6 can be explained by the 
position of the pyrazole in the major groove (vide infra). The protons of the bases T4 and G5* 
exhibit larger differences in chemical shifts than those of G6* and T7, and the shift differences 
are minor for the other bases in the duplex. In fact, only minor differences are observed for the 
sugar protons of the two cytosines opposing the platinated guanines (C15 and C16), but the 
aromatic protons NH1 and NH2 of these bases are significantly shifted upfield upon 
platination. The NH1 protons shift 1.08 and 1.53 ppm for C15 and C16 respectively, and the 
NH2 protons shift 1.41 and 1.03 ppm (see Table 1). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Differences in chemical shift upon platination (dsII-dsI) 
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NOESY spectra and T1 measurements: A comparison of the NOE intensities of dsII with 
those of the unplatinated dsI (Figure 5) confirmed the indication from the chemical shifts that 
the structural perturbation is limited to the close vicinity of the platinum complex. The most 
obvious difference is the appearance of drug-DNA contacts of the pyrazole ligand with the two 
central guanines. The intensities of these NOEs differ by factors of up to 30 and indicate that 
the G*5 base is closer to the pyrazole ring than G*6. The NOE vintensities determined at the 
mixing time of 200 ms correlated well with the time average of the -1/6th power of the  
internuclear distance over the MD simulation (vide infra). The other NOE cross-peaks were 
classified as strong, medium, or weak and are summarized, for the central parts of both the 
platinated (dsII) and unplatinated (dsI) duplexes, in Figure 5. The most striking difference 
between dsI and dsII is that dsII exhibits an unusual H1’ to H1’ contact (medium intensity) 
between G5* and G6*, indicating a decreased distance between these protons. 
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Table 1. Chemical shifts (ppm) of the protons in dsI and dsII at 283 K 
 
 
DsI 
 
 
H8/H6 
 
H2/H5/Me 
 
H1’ 
 
H2’ 
 
H2" 
 
H3’ 
 
H4’ 
 
NH1/NH2a 
 
H1/H3 
 
 
C1 
 
7.94 
 
5.96 
 
5.86 
 
2.29 
 
2.60 
 
4.66 
 
4.11 
 
d 
 
 
T2 7.69 1.69 6.21 2.31 2.62 4.66 4.30  13.66  
C3 7.65 5.65 6.05 2.13 2.53 4.84 4.20 8.34/7.02   
T4 7.53 1.66 5.67 2.04 2.40 4.85 4.12  13.90  
G5 7.87  5.71 2.72 2.75 5.0 4.37  12.97  
G6 7.53  5.61 2.21 2.54 c 4.14  12.80  
T7 7.64 1.27 5.94 2.52 2.74 4.84 4.40  13.97  
C8 7.62 5.61 6.02 2.16 2.53 4.77 4.77 8.40/7.09   
T9 7.63 1.71 6.10 2.18 2.53 c 4.17  14.06  
C10 7.66 5.81 6.28 2.27 2.29 4.58 4.05 d   
G11 7.88  5.54 2.50 2.69 4.83 4.16  d  
A12 8.19 a 5.97 2.75 2.88 5.06 4.40    
G13 7.72  5.55 2.59 2.71 5.01 4.39  12.65  
A14 8.12 a 6.23 2.63 2.91 5.02 4.48    
C15 7.19 5.15 5.78 1.94 2.37 5.15 4.14 8.03/6.73   
C16 7.40 5.15 5.34 1.96 2.28 5.48 4.04 8.48/6.44   
A17 8.17 a 5.90 2.71 2.84 5.03 4.37  12.67  
G18 7.74  5.38 2.57 2.66 4.98 4.33    
A19 8.05 a 6.11 2.61 2.90 5.01 4.42  13.36  
G20 
 
7.61  5.98 2.36 2.24 4.61 4.15    
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Table 1 (continued) 
 
DsII 
 
  
 
C1 
 
7.93 
 
5.96 
 
5.86 
 
2.29 
 
2.60 
 
4.65 
 
4.11 
 
7.21/5.97 
  
T2 7.71 1.67 6.17 2.39 2.59 4.65 4.30  13.94  
C3 7.67 5.64 6.04 2.31 2.57 4.78 4.25 8.41/7.08   
T4 7.68 1.73 5.79 2.46 2.47 4.99 4.23  14.08  
G5* 6.90  5.89 2.19 2.52 4.99 4.78  13.43  
G6* 7.35  5.55 2.20 2.60 5.04 4.27  13.37  
T7 7.60 1.18 6.20 2.29 2.65 4.88 4.32  13.70  
C8 7.67 5.64 6.04 2.16 2.58 4.84 4.16 8.45/7.18   
T9 7.47 1.73 6.07 2.16 2.53 4.88 4.16  14.04  
C10 7.65 5.83 6.28 2.27 2.28 4.59 4.06 8.30/7.24   
G11 7.88  5.57 2.53 2.69 4.83 4.17  d  
A12 8.20 7.54 5.97 2.75 2.88 5.06 4.42    
G13 7.79  5.56 2.63 2.73 5.04 4.41  12.76  
A14 8.20 7.89 6.36 2.70 3.04 5.04 4.54    
C15 7.19 5.32 5.65 1.92 2.41 4.74 4.11 6.95/5.32   
C16 7.46 5.41 5.52 2.03 2.34 4.83 4.11 6.95/5.41   
A17 8.12 7.79 5.95 2.71 2.83 5.03 4.35    
G18 7.77  5.44 2.59 2.70 5.00 4.35  12.62  
A19 8.04 7.74 6.10 2.61 2.90 5.01 4.43    
G20 
 
7.63  5.99 2.38 2.24 4.61 4.16  12.76  
a NH1 is the proton involved in hydrogen bonding. c overlap with HDO peak. d not observed. G* denotes 
platination of the guanine. 
 
 For G*6, we observe weaker intraresidual H2'-H8 and H2"-H8 NOEs, indicating a 
shifted conformational equilibrium of the deoxyribose toward a higher population of the N-type 
conformation. For the S-type conformation normally observed in B DNA, the H8 to H2’/H2” 
cross-peaks are strong in intensity, and they are in fact found to be strong for G6 in dsI. 
Unfortunately, the G6* H3’ proton resonates too close to the HDO peak in dsII to allow a 
reliable quantification of the H8 to H3’ cross peak, thus no information on the sugar 
conformation could be derived from this NOE. However, another indication of an S to N 
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repuckering of G*6 upon platination comes from spin-lattice relaxation measurements (Table 
2) showing that in dsII the T1 value for the H8 proton of G*6 is ~3 times longer than for the 
other H8 protons. Since the most efficient pathway for H8 relaxation is over the H2' 
proton,[32, 33] the increase of the T1 of G*6H8 indicates a decrease of the interatomic H8-
H2' distance, as observed for an S→N transition. In contrast to G*6, there is no indication of a 
shifted conformational equilibrium for the other platinated base, G5*. 
 Another clear difference between dsI and dsII NOESY spectra involves the inter-
residual cross-peaks between G6* and T7: the cross-peaks connecting H2' and H2" of G*6 
with the methyl group of T7 have medium intensity in dsII, whereas in dsI, they are weak and 
almost invisible, respectively. Since within B-DNA, the sequential H2'(n)-TCH3(n+1) distance 
is largely independent of the sugar pucker on nucleotide n, the decrease of this distance must 
be due to an approach between the G*6 deoxyribose and the T7 base, or to a change in the 
glycosidic torsion angle χ of T7. The distance H2"(n)-TCH3(n+1), on the other hand, does 
depend on the sugar pucker of nucleotide n, significantly increasing when this nucleotide 
passes from S to N. The enhancement of the G*6H2"-T7CH3 NOE upon platination thus 
argues against a pure N conformation of G*6. 
Other differences in NOE intensities upon platination occur in C15 (nucleotide 
complementary to G6*). The intraresidual H6 to H3’ cross-peak increases from medium to 
strong intensity at the cost of the H6 to H2’/H2” cross-peaks, which decrease in intensity from 
strong to medium; the intensity of the H6 to H1’ cross peak, however, has a normal intensity. 
This observation indicates that the mean conformation of the sugar of C15 is also shifted 
towards a lower phase angle. For comparison, the distance between the H6 and H3’ protons is 
2.8-3.0 Å for an N-type conformation and 4.0-4.4 Å for the S-type conformation that is 
normally seen in B DNA. 
 
Table 2. Spin-lattice relaxation times (T1 values) of H8/H6 protons of dsII at 283K 
Res. C1 T2 C3 T4 G5* G6* T7 C8 T9 C10 
H8/H6 (ppm) 7.93 7.71 7.67 7.68 6.90 7.35 7.60 7.67 7.47 7.65 
T1 (s) 1.8 a 1.5 1.0 1.0 3.5 1.0 1.5 1.0 1.0 
Res. G20 A19 G18 A17 C16 C15 A14 G13 A12 G11 
H8/H6 ppm 7.63 8.04 7.77 8.12 7.46 7.19 8.20 7.79 8.20 7.88 
T1 (s) 0.8 1.1 2.3 a 0.8 1.0 a a 2.3 a a a 
a
 Overlap of proton signals 
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Figure 5. Schematic illustration of the internucleotide NOE cross-peaks in the platinated 
duplex dsII (left) and the unplatinated duplex dsI (right). The intensities are represented by the 
thickness of the lines denoting strong, medium and weak cross-peaks. 
 
Molecular Dynamics Simulations of Solvated Duplex dsII 
 A 20 ns MD simulation of the platinated duplex dsII, explicitly solvated in water, was 
carried out as outlined in the Experimental Section. Since the above analysis of NMR data 
suggested that the nucleotides G*6 and C15 might show dynamic S N equilibria, we were 
interested in the dynamic features of the structure. We therefore carried out unconstrained MD 
simulations of dsII, checked that they allowed the salient observations from the NMR spectra 
(including atypical chemical shifts, NOE intensities, and T1 values) to be rationalized, and used 
the MD simulation of dsII to predict its global structure. The NMR features of dsI were 
indicative of normal B-DNA. Our task was thus to find out in what dsII deviates from normal 
B-DNA double-helix. 
 The main structural conclusions that one can draw from the comparison of NMR 
spectra of dsI and dsII (vide supra) are:  
i) the structural modifications due to the dinuclear platinum crosslink are limited to the 
base pairs close to the crosslink;  
ii) the mean sugar phase angles of both G*6 and C15 pass from overwhelmingly S to 
intermediate between N and S upon platination;  
iii) T7 base seems to be "pushed" closer to the sugar of G*6 by the crosslink;  
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iv) the pyrazole moiety is somewhat closer to G*5 than to G*6.  
All these features are reproduced by the dynamic models, as described in the next paragraphs. 
The MD trajectories were analyzed using plots of structural parameters (dihedral angles, 
helicoidal parameters) as a function of time (see Figure S1 for the complete list). The evolution 
of deoxyribose phase angles and of the helicoidal parameters twist and roll of the four inner 
base-pairs is shown in Figure 6. The mean values of twist and roll with standard deviations are 
compared to those of the non-platinated duplex in Table 3. 
 
Different effects of the Pt-pz-Pt crosslink on sugar puckers of G*6 and C15: It can be seen 
from Figure 6 that the sugar pucker of G*6 undergoes well-defined transitions between N and 
S type conformations. NMR data (vide supra) have indicated that G*6 presents an N S 
equilibrium, and the MD simulation is in agreement with this observation. On the other hand, 
G*5 keeps its S-type pucker, which is also in agreement with the NMR data. This accord 
indicates that our parameterization of the sugar pucker of the platinated guanosines (see 
Experimental Section) is correct. We recall that these sugar puckers reflect both an inductive 
effect of platinum binding to guanine (favoring N-pucker[34-38]) and steric effects. Whereas 
the former is supposed to affect both guanosines equally (and the force-field parameters 
applied to both platinated guanosines were thus identical), the latter are obviously different, 
and it is this difference in the steric effects that causes the puckers of G*5 and G*6 to be 
different. The sub-populations of snapshots having either N or S pucker on G*6 were averaged 
and energy-minimized. The resulting model with G*6N is shown in Figure 7. 
 The NMR data indicate further that in addition to G*6, the cytidine complementary to 
G*6, C15, also underwent a change of its sugar conformation upon platination. This nucleotide 
shows, in the platinated duplex dsII, increased intranucleotide H2'-H6 and H2"-H6 distances, 
and a decreased H3'-H6 distance. In the framework of the classical two state N/S model,[39] 
such changes would be interpreted as indicating a shift of the N S equilibrium towards N. The 
MD simulation showed instead that C15 assumes an E-type (Est, O4'-endo) pucker. This 
conformation, characterized by a phase angle of ~100°, remained stable during the whole 
simulation, with only a few excursions to S (Figure 6). Thus, the unwinding of the double-helix 
imposed by the GG crosslink shifts the mean phase angle of both G*6 and C15 towards lower 
values, but, as the MD simulation indicates, in two different ways: for G*6, by making 
transitions from S to N more frequent, and for C15, by constraining it to an E conformation. 
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The reason for this difference could reside in different stabilities of the E conformation in 
purine versus pyrimidine nucleotides with respect to N and S. In fact, analysis of the high 
resolution (better than 2 Å) crystal structures extracted from the Nucleic Acids Data Bank, 
using the selection criteria as described by Djuranovic and Hartmann,[40] revealed that of the 
selected 155 AT base pairs, 6% of the adenosines and 28% of the thymidines had an E-type 
pucker, and of the 233 selected GC pairs, 14% of the guanosines and 22% of the cytidines had 
an E pucker (E-pucker was defined as 60°≤P≤120°). Thus, for pyrimidine nucleotides, the E 
pucker domain seems more readily accessible (i.e., energetically less unfavorable) than for 
purine nucleotides. 
 
Table 3. Helicoidal parameters Twist and Roll (in degrees) for the central three base-pair steps 
(calculated with CURVES, using the "global" helix axis), averaged over the MD simulations of 
the free and platinated duplexes dsI and dsII. Standard deviations are given in parentheses. 
     dsI(free)       dsII(platinated) 
 
Base-pair step   Twist  Roll   Twist  Roll 
T4:A17/G*5:C16  29(8)   1(4)   25(8)   4(5) 
G*5:C16/G*6/C15  36(5)   3(6)   23(5)   3(6) 
G*6/C15/T7/A14  30(4)   6(5)   33(4)   7(8) 
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Figure 6a. Deoxyribose phase angles [deg][41, 42] calculated for the central four base-pairs of 
dsII, as a function of simulation time. 
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Figure 6b. Base-base roll angles [deg][41] calculated for the central four base-pairs of dsII, as 
a function of simulation time, using the “local” helix axis.[42] 
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Figure 6c. Base-base twist angles [deg][41] calculated for the central four base-pairs of dsII, 
as a function of simulation time, using the “local” helix axis.[42] 
 
 
 19 
The Pt-pz-Pt crosslink unwinds the GpG dinucleotide but does not introduce a 
significant bend: It can be seen from Figure 7 that the platinated duplex dsII does not show 
significant bending. This is also corroborated by the values of roll (Table 3), which do not 
change significantly upon platination. On the other hand, the approach of the N7 atoms 
necessary for the formation of the crosslink causes significant unwinding (diminution of twist) 
of the crosslinked step G*5:C16/G*6:C15. As seen in Figure 6c and Table 3, this step is 
unwound from ~36° to ~23°. In the NOESY spectra, this unwinding is reflected by the 
appearance of the medium intensity G*5H1'-G*6H1' NOE. This distance is observed at 
5.1±0.5 Å in the simulation of dsI (not shown), and decreases to 3.2±0.4 Å upon platination. 
The sugar pucker of G*6 has a significant influence on this distance: the values observed on 
the time-averaged models are 2.83 and 3.32 Å for N- and S-pucker on G*6, respectively, as 
can be seen from the detail views presented in Figure 8. This provides a supplementary 
argument against a pure N-conformation of G*6, since for a distance of 2.8 Å a strong NOE 
would be expected instead of the observed medium NOE. Table 3 suggests that the unwinding 
of the G*5:C16/G*6:C15 step is partly compensated by a slight overwinding of the 
G*6:C15/T7:A14 step. This overwinding is most probably the principal origin of the increase 
of the intensity of the G*6H2'-T7CH3 NOE. The time averages of the G*6H2'-T7C7 distance 
are 3.6±0.4 Å in dsI and 3.3±0.3 Å in dsII.  
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Figure 7. One of the two main conformations observed during the MD simulation of dsII. The 
model has been obtained by averaging the snapshots having the G*6 sugar in N-type 
conformation and energy minimization, as described in the Experimental Section. The 
platinated G*pG* dinucleotide is shown in green sticks and the {cis-Pt(NH3)2}2(µ-pz)3+ residue 
in yellow sticks. 
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a 
 
 
b 
 
 
Figure 8. Stereoviews of the inner tetranucleotide d(TG*G*T)-d(ACCA) of the time-averaged 
models of dsII having G*6 in N (a) and S (b) conformation, respectively. The platinated 
G*pG* dinucleotide is shown in green sticks and the {cis-Pt(NH3)2}2(µ-pz)3+ residue in yellow 
sticks. The G*5H1'-G*6H1' distance is shown as a black dotted line. Its length is 2.83 Å in (a) 
and 3.32 Å in (b). 
 
 Perusal of the backbone torsion angles (Figure S1) shows that the GpG step has 
assumed the non-canonical β+γt conformation during the whole simulation. This conformational 
substate is occasionally found in protein-DNA complexes and is characterized by particularly 
low twist (27.4±0.5° as compared to 31.4±0.5° for the canonical βtγ+ conformation).[43] Our 
simulations indicate that this "strategy" that DNA uses in protein-bound structures to facilitate 
the unwinding needed for protein recognition is also utilized here to accommodate the 
unwinding imposed by the covalent crosslink with the dinuclear platinum complex. 
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Contacts between the platinum ligands and DNA: As can be seen from Figure 8, at both 
platinum centers the orientations of the guanine with respect to the platinum coordination plane 
is non-orthogonal; therefore, hydrogen bonds between the NH3 ligand trans to pyrazole and 
the guanine O6 atom are possible. These N-H…O6 hydrogen bonds were found to persist 
during the whole simulation, the average N…O separations with standard deviations being 
2.90±0.12 and 2.96±0.13 Å for G*5 and G*6, respectively. Moreover, each of these same NH3 
ligands was found to form an additional hydrogen bond to the O4 atom of the neighboring 
thymine, i.e., T4 with the 5'-NH3 (3.16±0.26 Å) and T7 with the 3'-NH3 (3.07±0.17 Å). We 
have no experimental evidence for these hydrogen bonds; however, their presence is closely 
related to the position of the pyrazole residue for which we have the experimental check with 
six NOE distances (vide infra). 
 The NOESY spectra disclosed six contacts connecting the pyrazole C-H protons and 
sugar protons of the adjacent residues (G*5, G*6). The NOE intensities determined at 200 ms 
mixing time are listed in Table 4 together with the corresponding H-H distances time-averaged 
over the MD simulation. Also given are distances determined from the NOE intensities (INOE) 
as (c/INOE)1/6, with c taken as 25000. The excellent agreement between these calculated and 
NOE-derived values suggests that the platinum binding site is portrayed very well by the 
simulation. The shorter distances determined for G*5 indicate that the pyrazolate moiety is 
closer to this base than to G*6. 
 
Table 4. Distances between the pyrazolate and guanine protons, as determined from the NOE 
intensities, and calculated as time-averages over the MD simulation of dsII.a 
 
Distance G*5H8- G*5H8- G*5H8- G*6H8- G*6H8- G*6H8- 
  pzH3  pzH4  pzH5  pzH3  pzH4  pzH5 
 
  
INOEb  1.75  8.38  54.9  20.2  2.75  1.6 
 
 
dNOE [Å]c 4.93  3.79  2.77  3.28  4.57  5.00 
 
 
dMD [Å]d 5.16  4.07  2.30  3.31  4.63  5.04 
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a
 See Figure 2 for numbering of atoms. b NOE intensity measured at 200 ms mixing time and 
given at arbitrary scale. c Interproton distance determined from the NOE intensity as 
dNOE=(c/INOE)1/6, with c set to 25000. d Interproton distance calculated as time-average over the 
MD simulation of dsII. 
 
Discussion 
Chemical shifts and structure: The differences in chemical shifts between the platinated and 
the unplatinated duplexes contain valuable information about the three-dimensional distortions 
induced by the platinum complex. These differences are limited to the base-pairs involved in 
the platinum lesion, and are most pronounced for the aromatic protons of G5*, G6*, C15, and 
C16. The proximity of the pyrazole ring to the G5*H8 and to the G6*H8 protons (Figure 8) 
explains-at least in part-the upfield shifts of G5*H8 (∆δ = -0.97 ppm) and G6*H8 (∆δ = -0.18 
ppm) upon platination (see Figure 5).  
 Platinum coordination to the N7 atom of guanine shifts the H8 proton ~0.5 ppm 
downfield due to the inductive effect of Pt-coordination.[31] For the H8 protons of G5* and 
G6* this effect is overcompensated by the shielding effect of the aromatic pyrazole. The fact 
that the compensation is much more pronounced for G5*H8 is in accord with its position 
closer to the pyrazole ring.  
Another effect probably shifting the H8 resonances of G*5 and G*6 upfield is the 
unwinding of the duplex, resulting in an increased stacking of the platinated base pairs. This 
effect of increased stacking is also observed for the amino NH1/NH2 protons of C15 and C16, 
which are upfield-shifted (by 1-1.5 ppm, Table 1) as well. These protons are positioned too far 
away from the pyrazole ring to experience any shielding. Weakened Watson-Crick (WC) 
hydrogen-bonding, which could, in principle, also cause upfield shifts, is not a likely cause 
here, since the upfield shift is equally observed for the WC and the non-WC protons. 
 
Platinum binding affects the DNA conformation both by sterical constraints and 
electronic effects: Platinum(II) forms stable and inert covalent bonds to N7 atoms of guanines 
and adenines. Bifunctional mononuclear Pt(II) complexes, such as cisplatin, are able to 
crosslink two different purines; such crosslinks cause strong deformations to the DNA double 
helix. Specifically, cisplatin crosslinks of two adjacent purines bend the helix towards the major 
groove.[44] This bending is accompanied by repuckering of some sugar residues, most notably 
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of that of the 5'-guanosine involved in the crosslink. Such repuckering can be consequence of a 
local compression of the backbone,[45] but can also have electronic origin, since Pt-bound 
guanosine nucleotides favor intrinsically the N conformation, as shown already in the 1980's by 
some of us.[34-37] In fact, coordination of 5’-GMP to 1 has been recently shown to increase 
the N population in 5’-GMP.[26] In the case of the Pt-pz-Pt crosslink, the geometrical 
distortion of the double helix is much smaller than in the case of cisplatin crosslinks, 
nonetheless NMR data indicate a conformational change of the 3'-guanosine towards an N-type 
pucker. Such a change was not observed in a control MD simulation of dsII with the 
unmodified parm98 forcefield (the forcefield was only supplemented by parameters defining the 
energetics of the Pt-pz-Pt moiety, but the torsional parameters of the backbone were 
unchanged), suggesting that the favoring of N conformation observed for G*6 in the NMR 
spectra is, at least in part, of electronic origin. We have simulated this electronic effect in the 
work presented here by decreasing the term V3/2 for the torsion angle OS-CP-CP-OS from 1.5 
to 0.75 kcal mol-1 for platinated guanosines. Such a decrease is expected to stabilize the N 
conformation with respect to S.[46] In fact, this modification shifted the pucker of C*6 from 
purely S to an N S equilibrium. Importantly, the G*5 pucker remained S, although the same 
modification of the forcefield was applied for G*5 and G*6. The structural perturbation (i.e. 
unwinding) caused by the Pt-pz-Pt crosslink obviously affects G*5 and G*6 unequally, and 
probably contributes to the S→N repuckering of G*6. The repuckering of G*6 is thus 
apparently caused by a combination of electronic and steric effects. 
 The sugar pucker of C15 (base complementary to G*6) is found to be locked in an 
O4’-endo (E) conformation. Since C15 is on the unplatinated strand, electronic effects of 
platination are expected to be negligible. The stable E-pucker of C15, a conformation which 
distinguishes this nucleotide from all other nucleotides of dsII, is therefore quite clearly a 
consequence of the unwinding of the double helix. 
 
Possible implications for protein recognition: 1,2-GG cisplatin crosslinks are specifically 
recognized by a number of minor groove-binding proteins, such as the TATA box binding 
protein,[47] the E. Coli DNA repair recognition complex UvrAB,[48] the mismatch repair 
protein MutS,[49, 50] or HMG box proteins.[15] From a comparison of several DNA-
platinum adducts recognized by the chromosomal protein HMG1, Pil and Lippard suggested 
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that unwinding of the double helix may be an important determinant for HMG1 binding.[51] 
Helix unwinding widens and flattens the minor groove, and a wide and flat minor groove has 
indeed been later identified as a recognition element of several HMG box proteins.[16, 52, 53] 
Since HMG box proteins generally bend the DNA towards the major groove, and pre-bent 
structures, such as DNA bearing the 1,2-GG cisplatin crosslink, are recognized with high 
affinity by HMG proteins,[15] the bend could be also considered as a recognition element. 
However, the question of how the bending and unwinding must be combined to effect HMG 
binding, is not yet clear. In this respect, the Pt-pz-Pt DNA crosslink, for which dsII is a model, 
is an interesting test case for HMG recognition, since it causes, as we have shown here, an 
unwinding of the double helix similar to that of cisplatin, but virtually no bending. In addition 
to testing whether the Pt-pz-Pt crosslink is recognized by HMG proteins, it would be also of 
interest to see how the crosslink is recognized by repair proteins and polymerases. Comparing 
the recognition of the Pt-pz-Pt-DNA adducts with that of cisplatin adducts should provide 
valuable keys to the recognition mechanism, and hopefully enable the individual contributions 
of DNA bending and unwinding to protein recognition to be assessed. 
 
Conclusion 
The interaction of the new antitumor compound [{cis-Pt(NH3)2}2(µ-OH)(µ-pz)][NO3]2  
with a decamer oligonucleotide was studied using NMR spectroscopy and molecular modeling. The 
complex was designed with the aim to induce minimal distortions upon binding to adjacent guanines 
of DNA. We have recently shown that GG sites are favorable targets for this new drug.[54] 
 The present study demonstrates that the Pt-pz-Pt crosslink of two adjacent guanines induces 
indeed relatively minor structural perturbations upon the DNA double helix. The DNA is shown to 
accommodate the crosslink without significant bending or base-pair disruption. Corroborating this 
result, the melting temperature was found to be identical to that of the unplatinated duplex. 
 The MD simulation indicates that the only pronounced effect of the crosslink on the global 
structure is an unwinding by 10-15° of the step between the two platinated GC pairs. This 
unwinding becomes manifest in an unusual H1’-H1’ NOE between G*5 and G*6 and in strong 
upfield shifts of all amino protons of C15 and C16. The unwinding affects, in turn, the sugars of 
the G*6:C15 base-pair: that of G*6 shows rapid N-S interconversions, whereas that of C15 is 
locked in an E-type conformation. 
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 The determination of the structure of the Pt-pz-Pt crosslink at two adjacent guanines 
was a logical and necessary step towards the elucidation of the antitumor mechanism of the 
new dinuclear antitumor complex [{cis-Pt(NH3)2}2(µ-OH)(µ-pz)]2+. The fact that this complex 
crosslinks two adjacent guanines of DNA, as cisplatin, induces a similar unwinding, but does not 
bend the helix axis, makes it a very interesting test compound for future studies of structural 
determinants governing protein recognition of platinum-DNA adducts.  
Finally, we note that [{cis-Pt(NH3)2}2(µ-OH)(µ-pz)][NO3]2 is the first successful 
example of a cytotoxic platinum complex that was designed to produce a specific structural 
distortion in DNA. It represents a promising and encouraging case of rational drug design. 
 
Experimental Section 
Platination Reaction and Sample Preparation: The 10-mer oligonucleotides with the 
sequence d(C1T2C3T4G5G6T7C8T9C10) (ssI) and its complement 
d(G20A19G18A17C16C15A14G13A12G11) (ssII) were synthesized by the phosphoramidite method. 
After purification by preparative anion exchange FPLC (Pharmacia Q Sepharose column, with 
a linear 0-1.2 M NaCl gradient in 0.02 M NaOH, pH 12) the solution was desalted with a gel 
filtration column (Pharmacia, Sephadex G25, DNA grade). Purity of the oligonucleotides was 
assessed using analytical anion exchange FPLC (Pharmacia, Mono Q column); subsequently a 
Dowex column (Sigma) was used to exchange the counter ion to sodium. FPLC 
chromatography was performed on a BioLogic HR chromatography system (BioRad). 
 [{cis-Pt(NH3)2}2(µ-OH)(µ-pz)][NO3]2 was synthesized as described[25] from [{cis-
Pt(NH3)2(µ-OH)}2][NO3]2 and pyrazole. The complex was allowed to react with the purine-rich 
oligonucleotide (ssI) (6mg) in a 1:1 ratio in 1 ml H2O. The pH was adjusted to 4.0 with nitric acid. 
The reaction was monitored over time with FPLC (Pharmacia, Mono Q column, 20 min 0-1.2 
M NaCl gradient at pH 12). After 4 days at ambient temperature the reaction was judged to be 
complete and the reaction mixture was purified using FPLC (Pharmacia Mono Q column, 20 
min 0-1.2 M NH4HCO3 gradient at pH 9). The platinated DNA solution was subjected to a 
first round of desalting by rotary evaporation, adding some water, and lyophilization. The 
residue was redissolved in water and processed to further desalting using a gel filtration 
column (Pharmacia, Sephadex G25, DNA grade), the desired fractions were collected and 
lyophilized, yielding 3.5 mg of the platinated single strand d(C1T2C3T4G5*G6*T7C8T9C10) 
(ssIII), containing the 1,2-intrastrand (Pt-Pz-Pt)-DNA cross-link. 
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The unplatinated duplex dsI was prepared for comparison by titrating ssII to a solution 
of ssI in D2O. The annealing was carried out at ambient temperature, and monitored with anion 
FLPC run at pH 7. The same procedure was repeated with ssII and ssIII to produce the 
platinated dsII. Both duplexes were lyophilized and redissolved three times with 99.8% D2O, 
and finally redissolved in 250 µl 99.96% D2O. The solutions were transferred to an NMR tube, 
dried in a stream of nitrogen and redissolved in 550 µl of 99.96% D2O. For H2O samples, dsII 
was dissolved in 550 µl of 90% H2O/10% D2O. Final concentrations were 1.0 mM for dsI, and 
4 mM for dsII. All samples contained 50 mM phosphate buffer pH 7.0. No additional salt was 
added. 
 
UV measurements and Tm determination: For concentration determination UV 
measurements were performed on a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer. 
Melting temperatures (Tm) were measured on an Ultrospec 4000 UV spectrometer heating the 
sample at 1 °C/min from 20 °C to 90 °C, at oligonucleotide concentrations of 3.4 ·10-9 M in 1 
M NaCl and 50 mM phosphate buffer. 
 
NMR spectroscopy: TOCSY and NOESY spectra (using mixing times of 100, 150 and 200 ms) 
were acquired on a Bruker DMX 600 MHz spectrometer, using the Watergate gradient pulse for 
minimization of the water signal.[55] All 2D spectra were collected at 283 K. 512 increments in t1 
were collected, each with 2048 complex data points in t2, and 64 scans at a sweep width of 6000 
Hz. Spectra in H2O were collected with a sweep width of 12000 Hz. T1 relaxation experiments 
were carried out using the standard 180°-τ-90° inversion recovery sequence. 
 All spectra were processed with FELIX (version 97.0, MSI, San Diego, CA, USA), 
except for the T1 relaxation experiments; these were processed using xwinNMR software 
(Bruker). For 2D spectra the t1 dimension was zero-filled to 2048 points and a polynomial 
baseline correction was applied in the t2 domain of the NOESY spectra. Chemical shifts were 
referenced to the HDO peak calibrated to a DSS (2,2-dimethyl-2-silapentane sulfonate) 
standard. The assignment aiding program ANSIG[56] was employed to aid assignments and to 
view and compare spectra of the platinated and unplatinated duplex. 
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Molecular Dynamics Simulations: The MD simulations were carried out with the SANDER 
module of the program AMBER Version 6.0[57] run on a cluster of IBM-compatible personal 
computers under Red Hat GNU/Linux 7.1, or on an IBM Power4 P690 computer operating 
under AIX 5.1. The Particle-Mesh-Ewald method,[58, 59] using charge grid spacing of 
approximately 1 Å with cubic B-spline interpolation and sum tolerance of 10-5 Å, was used to 
calculate the electrostatic energy. A 9 Å cutoff was applied to Lennard-Jones interactions. The 
MD simulations employed the SHAKE algorithm (tolerance=0.0005) to all X-H bonds[60] and 
used a time step of 2 fs.  
 Additional force-field terms were necessary to parameterize the Pt-pz-Pt moiety. The bond 
lengths and bond angles were taken from the crystal structure of [{cis-Pt(NH3)2(9-
ethylguanine)}2(µ-pz)]3+;[25] and the corresponding force constants were equivalenced to those of 
the five-membered ring of histidine; for the Pt-N(pyrazole) bonds, the same parameters were used 
as for the Pt-N(guanine) bonds.[8] All endocyclic and exocyclic torsion angles not involving Pt were 
given energy barriers kd/2 in analogy to those used by Amber for the five-membered ring of 
histidine. The torsion angles X-X-N-Pt which govern the out-of-plane bending of the platinum with 
respect to the pyrazole were parameterized as follows. First those torsions involving hydrogen atom 
(H-C-N-Pt) were given a torsion barrier of 1.1 kcal/mol, in analogy to the values used for torsions 
involving aromatic hydrogen atoms in the Amber database. Secondly the Pt-N-N-Pt torsion was 
given a barrier of 0, in order to avoid biasing of the mutual positions of the two platinum centers. 
Thus the principal force keeping the platinum atoms in the pyrazole plane was dependent on the 
endocyclic torsion angles C-N-N-Pt and C-C-N-Pt. The force constant for these torsions were 
determined to be kd/2 = 40  kcal/mol with using density functional theory (DFT) calculations, as 
described below. 
Force constants determining the dihedrals between the pyrazole plane and the Pt 
coordination plane, and the atomic charges of the [{cis-Pt(NH3)2}2(µ-pz)(pGpG)]+ unit were 
obtained from DFT calculations performed with the program Gaussian94[61] implemented on a 
Cray C94 computer. Starting coordinates were taken from the crystal structure of [{cis-Pt(NH3)2(9-
ethylguanine)}2(µ-pz)]3+, and to save computer time, the 9-ethyl group was replaced by a 9-methyl 
group. In order to eliminate the influence of crystal packing forces, the geometry was relaxed by 
minimizing the energy as a function of the four dihedrals along the Pt-N bonds, using Hartree-Fock 
(HF) calculations. Subsequent DFT calculations employing the hybrid B3LYP functional were 
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performed on the HF-optimized geometry, using MO coefficients from the HF calculation as trial 
vectors. The atomic charges were determined by fits to the electrostatic potential obtained from the 
converged DFT density matrix, using the Merz-Kollman routine implemented in Gaussian94. Both 
the HF and the B3LYP calculations used the Los Alamos pseudopotential/pseudoorbital basis set 
LANL2DZ.[62] To determine the force constants governing the out of plane bending of the 
pyrazole, DFT calculation were performed on a the model complex [Pt(NH3)3(Hpz)]2+. The Pt-N3 
bond was bent from the Pz plane in steps of 5°. Force constants were obtained by fitting the 
resulting calculated energies to the amber energy function for dihedral angles. 
The sugar-phosphate backbone was modified to take into account the influence of the 
platination upon DNA fixation on the adjacent sugar and phosphate residues:[34-38] The V3/2 
potential for the torsion angle O4'-C4'-C3'-O3' was reduced from 1.50 kcal/mol to 0.75 kcal/mol 
and a V2/2 torsion term for the dihedral angle C2'-C3'-O3'-P of 1.00 kcal/mol was introduced to 
reproduce the stabilization of the εt conformation of platinated guanosines. 
 
Simulation protocol: Using the program NUCGEN, the starting structure for dsII, 
d(C1T2C3T4G5*G6*T7C8T9C10)·d(G20A19G18A17C16C15A14G13A12G11) (where G5*G6* denotes the 
Pt-pz-Pt cross-link) was generated using a canonical Arnott B-DNA[63] as a starting model. The 
{cis-Pt(NH3)2}2(µ-pz)3+ residue was then manually positioned using XLEAP. The resulting DNA-
chelate was minimized by 100 steps of conjugate gradient minimization. The system was then 
heated and equilibrated as described for the simulation protocol of Elizondo-Riojas and 
Kozelka.[13]  
 Unrestrained dynamics production was carried out for 20000 ps. The 20000 structures 
(one per ps) of the MD trajectory were analyzed using the programs Carnal (in the Amber 
package), CURVES,[42] VMD,[64] XmGrace,(http://plasma-gate.weizmann.ac.il/Grace/) and 
in-house software (http://www.steletch.org). 
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Figure S1 (23 pages). Evolution of all backbone torsion angles and helicoidal parameters of 
dsII (excluding the terminal base pairs) during the MD simulation. 
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❈✐♥q✉✐è♠❡ ♣❛rt✐❡
▲❡s ❝♦♠♣♦sés ♣❧❛t✐♥és ❞❛♥s ❆▼❇❊❘
✶✾✼

✶✾✾
◆♦✉s ❛✈♦♥s ✈✉ ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❝♦♠♠❡♥t ❡st r❡♣rés❡♥té ❝❤❛q✉❡ ❛t♦♠❡ ❞❛♥s ❧❡
♠♦❞è❧❡ ✓ t♦✉t ❛t♦♠❡ ✔ ✉t✐❧✐sé ❞❛♥s ❧❛ s✉✐t❡ ❧♦❣✐❝❡❧❧❡ ❆▼❇❊❘✳ ▲❡s ♠♦♥♦♠èr❡s ❞❡s
♠❛❝r♦♠♦❧é❝✉❧❡s ❜✐♦❧♦❣✐q✉❡s ❝♦✉r❛♥t❡s ✭❛❝✐❞❡s ❛♠✐♥és✱ ♥✉❝❧é♦t✐❞❡s✮✱ q✉❡❧q✉❡s s♦❧✈❛♥ts
✭♠ét❤❛♥♦❧✱ ét❤❛♥♦❧✱ ❡❛✉✮✱ q✉❡❧q✉❡s ❤étér♦❛t♦♠❡s ✭❜r♦♠❡✱ ❝❤❧♦r❡✱ ❢❡r✱ ✐♦❞❡✱ s♦❞✐✉♠✱ ✳✳✳✮
s♦♥t ❞é✜♥✐s ❡♥ st❛♥❞❛r❞✳
◗✉❛♥❞ ❞❡s ♠♦❧é❝✉❧❡s ❝♦♠♣♦rt❡♥t ❞❡s ❛t♦♠❡s ♥♦♥ ❞é✜♥✐s ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r
❧❡s ❝♦♠♣♦sés ♣❧❛t✐♥és✱ ✐❧ ❢❛✉t ❛❥♦✉t❡r ❧❡✉r ❞❡s❝r✐♣t✐♦♥ ❛✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✳
✷✵✵
❈❤❛♣✐tr❡ ✶
❈❛r❛❝tér✐st✐q✉❡s ❝❤✐♠✐q✉❡s ❞✉
❝✐s♣❧❛t✐♥❡
▲✬é❧é♠❡♥t ❝❤✐♠✐q✉❡ ♣❧❛t✐♥❡ ❡st ✉♥ ♠ét❛❧ ❞❡ tr❛♥s✐t✐♦♥ q✉✐ ❝♦♠♣♦rt❡ ✼✽ é❧❡❝tr♦♥s✳
❉❛♥s ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■✱ ✽ é❧❡❝tr♦♥s s♦♥t ❞✐s♣♦♥✐❜❧❡s s✉r s❛ ❝♦✉❝❤❡ ❡①t❡r♥❡ ❞❡
✈❛❧❡♥❝❡✱ ✐❧ ❢❛✐t ♣❛rt✐❡ ❞❡ ❧❛ ❝❛té❣♦r✐❡ ❞❡s ♠ét❛✉① ✬❞✽✬✳ ▲❡ ♣❧❛t✐♥❡ ■■ ❛❞♦♣t❡ ❛❧♦rs ✉♥❡
❣é♦♠étr✐❡ ♣❧❛♥✲❝❛rré✱ s❡s q✉❛tr❡ ❧✐❣❛♥❞s ét❛♥t s✐t✉és ❞❛♥s ❧❡ ♠ê♠❡ ♣❧❛♥✱ ❝♦♠♠❡ ✐❧❧✉stré
♣♦✉r ❧❡ ❝✐s♣❧❛t✐♥❡ ♣❛r ❧❛ ✜❣✉r❡ ✶✳✶✳
❋✐❣✳ ✶✳✶ ✕ ▲❡ ❝✐s♣❧❛t✐♥❡
▲❡ ❝✐s♣❧❛t✐♥❡ ré❛❣✐t ❛✈❡❝ ❧❡s ❣r♦✉♣❡♠❡♥ts ♥✉❝❧é♦♣❤✐❧❡s ❡t s❡ ❧✐❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t
❛✉① ❛t♦♠❡s ❞✬❛③♦t❡ ❡t ❞❡ s♦✉❢r❡✳ ▲❡s ❞❡✉① ❧✐❣❛♥❞s ❛♠♠✐♥❡s ❡♥ ♣♦s✐t✐♦♥ ❝✐s s♦♥t ✐♥❡rt❡s
à ❧❛ s✉❜st✐t✉t✐♦♥✳ ▲❡s ❞❡✉① ❝❤❧♦r✉r❡s s♦♥t r❡❧❛t✐✈❡♠❡♥t ❧❛❜✐❧❡s ❡t ♣❡✉✈❡♥t êtr❡ s✉❜st✐t✉és
❡♥ s♦❧✉t✐♦♥ ♣❛r ❞❡s ❧✐❣❛♥❞s ❛q✉❛✱ ❧❛ ❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❝♦♠♣❧❡①❡ ❛✐♥s✐ ❢♦r♠é ❞❡✈✐❡♥t
✷✰✳ ❉❛♥s ❧❛ ❝❡❧❧✉❧❡✱ ❧❡ ❝✐s♣❧❛t✐♥❡ s❡ ❧✐❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉① ❛t♦♠❡s N7 ❞❡s ❣✉❛♥✐♥❡s ❞❡
❧✬❆❉◆ ❞✉ ♥♦②❛✉ ❡t ❞❡ ❧❛ ♠✐t♦❝❤♦♥❞r✐❡✳
✷✵✶
✷✵✷ ❈❍❆P■❚❘❊ ✶✳ ❈❆❘❆❈❚➱❘■❙❚■◗❯❊❙ ❈❍■▼■◗❯❊❙ ❉❯ ❈■❙P▲❆❚■◆❊
❈❤❛♣✐tr❡ ✷
❆❞❛♣t❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠
✾✽
▲❡s ❝♦♠♣♦sés ❞❡ ♣❧❛t✐♥❡ ■■ q✉❡ ♥♦✉s ét✉❞✐♦♥s ❞❛♥s ❧❡ ❧❛❜♦r❛t♦✐r❡ ♣rés❡♥t❡♥t ✉♥❡
❣é♦♠étr✐❡ ♣❧❛♥✲❝❛rré q✉✐ ♥✬❡①✐st❡ ♣❛s ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ st❛♥❞❛r❞ ❞❡s ❛t♦♠❡s ❞❛♥s ❧❡
❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ❬✷✾❪✳ ▲✬❡♥s❡♠❜❧❡ ❞✉ rés✐❞✉ ♣❧❛t✐♥é ❛ ❞û êtr❡ ❞é✜♥✐ ❡t ✐♥té❣ré
❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✱ ❧❡s ♣❛r❛❣r❛♣❤❡s s✉✐✈❛♥ts ♣rés❡♥t❡♥t ❧❡ ❞ét❛✐❧ ❞❡s ❝❛r❛❝tér✐sq✉❡s
✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❝✐s♣❧❛t✐♥❡ ❛✐♥s✐ q✉❡ ❧✬♦r✐❣✐♥❡ ❞❡s ❞♦♥♥é❡s ✉t✐❧✐sé❡s✳ ▲❛
♣rés❡♥t❛t✐♦♥ ❡①❤❛✉st✐✈❡ ❞❡s ✜❝❤✐❡rs ✉t✐❧✐sés ❡st ❞✐s♣♦♥✐❜❧❡ ❡♥ ❛♥♥❡①❡✱ à ❧❛ ♣❛❣❡ ✷✺✼✳
❈❡ tr❛✈❛✐❧ ❛②❛♥t été ré❛❧✐sé ❛✈❛♥t ♠♦♥ ❛rr✐✈é❡ ❛✉ ❧❛❜♦r❛t♦✐r❡✱ ❥❡ ♠❡ s✉✐s ❛tt❛❝❤é à
✈❛❧✐❞❡r ❝❡tt❡ ♣❛r❛♠étr✐s❛t✐♦♥ ♣✉✐s à ❧✬❛♠é❧✐♦r❡r✳ ▲❡ ❝✐s♣❧❛t✐♥❡ ✐♥❞✉✐t ❞❡s ❞é❢♦r♠❛t✐♦♥s
♠é❝❛♥✐q✉❡s ✐♠♣♦rt❛♥t❡s s✉r ❧❡s ❣✉❛♥✐♥❡s q✉✬✐❧ ♣♦♥t❡✱ ❝❡s ❞é❢♦r♠❛t✐♦♥s ♦♥t ❢❛✐t ❧✬♦❜❥❡t
❞✬ét✉❞❡s ♣♦✉ssé❡s ❬✶✵✽✱ ✻✵❪✱ ❝❡ q✉✐ ❛ ♠❡♥é à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛♥❣❧❡s ✐♠♣r♦♣r❡s ♣♦✉r ❡♥
r❡♥❞r❡ ❝♦♠♣t❡✳ ▲✬❡✛❡t ✐♥❞✉❝t✐❢ ❞✉ ♣❧❛t✐♥❡ s✉r ❧❡s ❝❤❛r❣❡s ❞❡s ❣✉❛♥✐♥❡s ❛ été ✐♥❝❧✉s à ❧❛
s✉✐t❡ ❞❡ ❝❛❧❝✉❧s ❞❡ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ❬✻✵✱ ✶✵✻✱ ✶✵✽❪✳ ▲❡s ❡✛❡ts é❧❡❝tr♦♥✐q✉❡s ♦♥t été ❛❧♦rs
❧✐♠✐tés à ❧✬❡♥s❡♠❜❧❡ ❣✉❛♥✐♥❡✲♣❧❛t✐♥❡✲❣✉❛♥✐♥❡ ♠❛✐s ♥♦✉s ✈❡rr♦♥s ♣❧✉s ❜❛s q✉✬✉♥❡ ♣❛r❛✲
♠étr✐s❛t✐♦♥ s♣é❝✐✜q✉❡ ❞❡s s✉❝r❡s ❡t ❞✉ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r s❡r❛ ❛✉ss✐ ♥é❝❡ss❛✐r❡✱
♥♦t❛♠♠❡♥t à ❧❛ ❧❡❝t✉r❡ ❞❡s tr❛✈❛✉① ❞❡ P❧❛✈❡❝ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✶✺✶❪✳
▲❛ ♣❛r❛♠ér✐s❛t✐♦♥ ❞❡s ♣♦♥t❛❣❡s ●✲Pt✲● ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❛ été ré❛❧✐sé❡ à
♣❛rt✐r ❞❡ ❞♦♥♥é❡s str✉❝t✉r❛❧❡s ♣✉❜❧✐é❡s ❬✶✶✽✱ ✶✼✵❪✱ ❡①tr❛✐t❡s ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞✉ ✓
❈❛♠❜r✐❞❣❡ ❈r②st❛❧❧♦❣r❛♣❤✐❝ ❉❛t❛ ❈❡♥tr❡ ✔ ❬✾✷❪✳
▲❛ ✜❣✉r❡ ✷✳✶ ♣rés❡♥t❡ ♥♦s ❝♦♥✈❡♥t✐♦♥s ❞❡ ♥♦♠♠❛❣❡ ❞❡s rés✐❞✉s ❛❞♦♣té❡s ♣♦✉r ❧✬✐♥✲
❝♦r♣♦r❛t✐♦♥ ❞✉ ❝✐s✲Pt✭◆❍3✮22+ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✳ ▲❡s ❛t♦♠❡s ❞✬❛③♦t❡ ❞❡s ❞❡✉①
❛♠♠✐♥❡s s♦♥t ♥♦♠♠é❡s ◆❙ ❡t ◆❲✱ ❧❛ ❣✉❛♥✐♥❡ s✐té❡ ❡♥ ✺✬ ❞❡ ❧✬❛❞❞✉✐t ❡st ♥♦té❡ ●❉❆
❡t ❡st r❡❧✐é❡ ❛✉ ❝✐s✲Pt✭◆❍3✮22+♣❛r ❧✬❛t♦♠❡ ✐❞❡♥t✐✜é ❝♦♠♠❡ ◆❊✱ ❡♥ ✸✬ ✐❧ s✬❛❣✐t r❡s♣❡❝t✐✲
✈❡♠❡♥t ❞❡ ●❉❇ ❡t ❞❡ ◆❋✳
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◆❙✴◆❲ ✶✱✽✷ ✲✵✱✼✵✶✸✸✶
●❉❆✴●❉❇ ✲✵✱✹✷✺✵✹✺
▲✐❛✐s♦♥ ✭➴✮ ❦ ✭❦❝❛❧✳♠♦❧✲✶✳➴−2✮
Pt✲◆❊ ✷✱✵✵ ✷✵✷✱✵✵
Pt✲◆❋ ✷✱✵✵ ✷✵✷✱✵✵
Pt✲◆❙ ✷✱✵✹ ✷✵✷✱✵✵
Pt✲◆❲ ✷✱✵✹ ✷✵✷✱✵✵
◆❙✴❲✲❍ ✶✱✵✶ ✹✸✹✱✵✵
❆♥❣❧❡ ✭✝✮ ❦ ✭❦❝❛❧✳♠♦❧✲✶✳➴−2✮
◆❊ ✲ Pt ✲ ◆❙ ✶✽✵✱✵ ✷✵✱✵✵
◆❋ ✲ Pt ✲ ◆❲ ✶✽✵✱✵ ✷✵✱✵✵
◆❊ ✲ Pt ✲ ◆❲ ✾✵✱✵ ✹✵✱✵✵
◆❋ ✲ Pt ✲ ◆❙ ✾✵✱✵ ✹✵✱✵✵
◆❊ ✲ Pt ✲ ◆❋ ✾✵✱✵ ✹✵✱✵✵
◆❙ ✲ Pt ✲ ◆❲ ✾✵✱✵ ✹✵✱✵✵
❆♥❣❧❡ ✐♠♣r♦♣r❡ ✭✝✮ ❦ ✭❦❝❛❧✳♠♦❧✲✶✮
P❚✲❈✺✲❈✷✲◆✼ ✶✽✵✱✵ ✷✱✺✵
P❚✲❈✺✲❈✷✲❈✽ ✶✽✵✱✵ ✷✱✺✵
P❚✲❈✽✲❈✺✲❈✹ ✶✽✵✱✵ ✶✺✱✾✵
P❚✲❈✽✲❈✻✲❈✺ ✶✽✵✱✵ ✶✹✱✾✽
✷✵✺
▲❡s ❛s♣❡❝ts ❧❡s ♣❧✉s ❞é❧✐❝❛ts ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❝♦♥❝❡r♥❡♥t
❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❝✐s♣❧❛t✐♥❡ ❡t ❧❡s ❜❛s❡s ♣❧❛t✐♥é❡s✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞❡
❧❛ ré♣❛rt✐t✐♦♥ ❞❡s ❝❤❛r❣❡s ❬✶✵✻❪ ❡t ❞❡ ❧✬❛♥❣❧❡ ❢♦r♠é ❡♥tr❡ ❧❛ ❜❛s❡ ❝❤é❧❛té❡ ❡t ❧❛ ❧✐❛✐s♦♥
Pt✲◆7✳ ❈❡ ❞❡r♥✐❡r ♣❛r❛♠ètr❡ ❛ été ♠✐s ❡♥ ♣❧❛❝❡ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛♥❣❧❡s ✓ ✐♠♣r♦♣r❡s
✔ ❛♣♣❡❧és ❛✐♥s✐ ❝❛r ✐❧s ♥❡ ❝♦♥❝❡r♥❡♥t ♣❛s ✹ ❛t♦♠❡s r❡❧✐és ♣❛r ✉♥❡ ❧✐❛✐s♦♥ ❞❡ ❝♦✈❛❧❡♥❝❡
❬✸✽✱ ✻✵✱ ✶✵✽❪✳
❯♥❡ ❛♣♣r♦❝❤❡ s✐♠✐❧❛✐r❡ ❛ été ✉t✐❧✐sé❡ ♣❛r ❧✬éq✉✐♣❡ ❞❡ ▼❛r③✐❧❧✐ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs
♣♦✉r ♠♦❞é❧✐s❡r ❝❡ ❝♦♠♣♦rt❡♠❡♥t ❬✷✶✶❪✳
✷✵✻ ❈❍❆P■❚❘❊ ✷✳ ❆❉❆P❚❆❚■❖◆ ❉❯ ❈❍❆▼P ❉❊ ❋❖❘❈❊ P❆❘▼ ✾✽
❈❤❛♣✐tr❡ ✸
❉é❢♦r♠❛t✐♦♥s ✐♥❞✉✐t❡s s✉r ❧❡ sq✉❡❧❡tt❡
❉❛♥s ❧❡ ❧❛❜♦r❛t♦✐r❡✱ ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ P❛rt✐❝❧❡ ▼❡s❤ ❊✇❛❧❞ ✭P▼❊✮ ♣♦✉r
❧❡ ❝❛❧❝✉❧ ❞❡s ❢♦r❝❡s é❧❡❝tr♦st❛t✐q✉❡s s♦✉s ❝♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡
❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛ ♣❡r♠✐s ❞❡ ❞♦♥♥❡r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ❝♦♥❢♦r♠❛✲
t✐♦♥ ❞❡ ❧✬❆❉◆ ♣❧❛t✐♥é✳ ❉❡ ♥♦♠❜r❡✉s❡s ♦❜s❡r✈❛t✐♦♥s ✐ss✉❡s ❞❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s
❬✹✾✱ ✺✻✱ ✼✶✱ ✽✼✱ ✶✷✾✱ ✶✹✷✱ ✶✽✶✱ ✶✽✷✱ ✶✽✸✱ ✷✶✵❪✱ t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝❡❧❧❡s ♣r♦✈❡♥❛♥t ❞❡s
❡①♣ér✐❡♥❝❡s ❘▼◆✱ ♦♥t ❛✐♥s✐ été ❡①♣❧✐q✉é❡s✳
❊♥ ❡✛❡t✱ ❧❡ ❞é❜❧✐♥❞❛❣❡ ❞✉ ♣r♦t♦♥ ❍✷✬ ❞❡ ❧❛ ❜❛s❡ s✐t✉é❡ ❡♥ ✺✬ ❞❡ ●❉❆ ❡t ❝❡❧✉✐ ♣❧✉s
❢❛✐❜❧❡ ❞✉ ♣r♦t♦♥ ❍✷✬ ❞❡ ❧❛ ❜❛s❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ ●❉❆✱ ♥❡ ♣♦✉✈❛✐❡♥t êtr❡ ❡①♣❧✐q✉és
s✐♠✉❧t❛♥é♠❡♥t ♣❛r ❧❡s ♠♦❞è❧❡s st❛t✐q✉❡s ♣r♦♣♦sés ♣ré❝é❞❡♠♠❡♥t✳ ▲✬❛♣♣♦rt ❞❡ ❧❛ s✐♠✉✲
❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛ été ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ très ✐♠♣♦rt❛♥t ❝❛r ❡❧❧❡ ❛ ♣✉
❞é♠♦♥tr❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ♠♦✉✈❡♠❡♥t✱ q✉✐ ❞♦♥♥❛✐t ❡♥✜♥ ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ ❝❧❛✐r❡ ❞✉
♣❤é♥♦♠è♥❡ ♦❜s❡r✈é✳ ❉❡ ♣❧✉s✱ ❧❡ ♣❛ss❛❣❡ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✹ ❬✹✼❪ à ♣❛r♠ ✾✽ ❬✷✾❪
❛ ♣❡r♠✐s ❞✬é❧✉❝✐❞❡r ❝♦♠♣❧èt❡♠❡♥t ❧❛ str✉❝t✉r❡ ❡t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é✳
❈❡s s✐♠✉❧❛t✐♦♥s ♦♥t ❞❡ ♣❧✉s ❛♣♣♦rté ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s✳ ❈✬❡st ❛✐♥s✐
q✉❡ ❞❡s tr❛♥s✐t✐♦♥s ❇■⇋❇■■ ❞❡s ❣r♦✉♣❡s ♣❤♦s♣❤❛t❡s ❡♥ ✸✬ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ♦♥t été
♦❜s❡r✈é❡s✳ ❈❡s tr❛♥s✐t✐♦♥s s♦♥t r❡❧✐é❡s à ❧❛ ❢♦r♠❛t✐♦♥✴r✉♣t✉r❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❤②❞r♦❣è♥❡
❡♥tr❡ ✉♥ ❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡ ❞❡ ❧✬❛♠♠✐♥❡ ✸✬ ❞✉ ❝✐s♣❧❛t✐♥❡ ✭❞♦♥t ❧✬❛③♦t❡ ❡st ♥♦té ◆❙ s✉r ❧❛
✜❣✉r❡ ✷✳✶✮ ❡t ❧✬❛t♦♠❡ ◆✼ ❞❡ ❧✬❛❞é♥✐♥❡ s✐t✉é❡ ❡♥ ✸✬ ❞✉ ♣♦♥t❛❣❡ ❝✐sPt✲●●✳ ❈❡s tr❛♥s✐t✐♦♥s
♦♥t ❞❡ ♣❧✉s ♣✉ êtr❡ ♣r♦♣♦sé❡s ❝♦♠♠❡ ♣❡r♠❡tt❛♥t ✉♥❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❞❡
❝❡tt❡ s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥ ♣❛r ❧❡s ♣r♦té✐♥❡s ❞❡ t②♣❡ ❍▼● ❬✺✾❪✳
❈❡♣❡♥❞❛♥t ❧♦rs ❞✬❛♥❛❧②s❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ❛♣rès ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❝❡s ❤②♣♦t❤ès❡s
s✉r ❧❡s s♦✉s✲❝♦♥❢♦r♠❛t✐♦♥s✱ ❞❡s ♣r♦❜❧è♠❡s s♦♥t s✉r✈❡♥✉s✳ ❊♥ ♣r♦❧♦♥❣❡❛♥t ❧❛ s✐♠✉❧❛t✐♦♥
❛✐♥s✐ q✉✬❡♥ ré❛❧✐s❛♥t ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ séq✉❡♥❝❡s ❞✐✛ér❡♥t❡s✱ ✉♥❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
♠❛❥❡✉r❡s ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ❝✐s♣❧❛t✐♥❡✱ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ♥✬ét❛✐t
♣❧✉s r❡♠♣❧✐❡✳ ❙❡❧♦♥ ❧❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❡ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ❞✉ ♣♦♥t❛❣❡ ❝✐s✲
Pt✲●● ❡st t♦✉❥♦✉rs ❞❛♥s ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ t❛♥❞✐s q✉❡ ❝❡❧✉✐ ❞❡s ❞✐✛ér❡♥t❡s ❞②♥❛♠✐q✉❡s
♣rés❡♥t❛✐t ❞❡s tr❛♥s✐t✐♦♥s ❡♥tr❡ ❧❡s ét❛ts ◆ ❡t ❙✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❝❡ ♣r♦❜❧è♠❡ ♥✬ét❛✐t
✷✵✼
✷✵✽ ❈❍❆P■❚❘❊ ✸✳ ❉➱❋❖❘▼❆❚■❖◆❙ ■◆❉❯■❚❊❙ ❙❯❘ ▲❊ ❙◗❯❊▲❊❚❚❊
❥❛♠❛✐s s✉r✈❡♥✉ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ✉t✐❧✐s❛♥t ♣❛r♠ ✾✹✳ ■❧ ❛ ❞♦♥❝ ❢❛❧❧✉ ❞ét❡r♠✐♥❡r ❧❛
❝❛✉s❡ ❞❡ ❝❡ ♣r♦❜❧è♠❡ ❞❛♥s ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥✳
▲❛ ♣❛r❛♠étr✐s❛t✐♦♥ ✉t✐❧✐sé❡ ❥✉sq✉✬❛❧♦rs ♥❡ ❝♦♥❝❡r♥❛✐t q✉❡ ❧❡s ✐♥✢✉❡♥❝❡s ❧♦❝❛❧❡s q✉❡
❧✬❛❞❞✉✐t ✐♥❞✉✐t s✉r ❧❡s ❜❛s❡s✱ s❛♥s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❡①❝❧✉s✐✈❡♠❡♥t ❧❡ s✉❝r❡ ❡t ❧❡ sq✉❡✲
❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r✳ ❖r ❧❡ ❝❤❛♥❣❡♠❡♥t ♠❛❥❡✉r q✉✐ ♥♦✉s ❝♦♥❝❡r♥❡ ❡♥tr❡ ❧❡ ❝❤❛♠♣ ❞❡
❢♦r❝❡ ♣❛r♠ ✾✹ ❡t ♣❛r♠ ✾✽ ❝♦♥❝❡r♥❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ ❞❡ ❧✬❛♥❣❧❡
❖✲❈✲❈✲❖ q✉✐ ❞ét❡r♠✐♥❡ ❧❛ ❜❛rr✐èr❡ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ét❛ts ◆ ❡t ❙ ❬✷✵✶❪✳
❉❡ ♣❧✉s✱ ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✹ ét❛✐t ❝♦♥♥✉ ♣♦✉r ❞é♣❧❛❝❡r ❧✬éq✉✐❧✐❜r❡ ✈❡rs ❧❛
❝♦♥❢♦r♠❛t✐♦♥ ◆ ❬✷✾❪✱ ❝❡ q✉✐ ❢❛✈♦r✐s❛✐t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♣♦✉r
❧❛ ❣✉❛♥✐♥❡ ✺✬ ❞✉ ❝❤é❧❛t❡ ❝✐sPt✲●●✳ ▲❡ ♣❛ss❛❣❡ à ♣❛r♠ ✾✽ ❞❛♥s ❧❛ ✈❡rs✐♦♥ ✻✳✵ ❞✬❆▼❇❊❘
❛ été ❡✛❡❝t✉é ❛✜♥ ❞❡ ♠✐❡✉① r❡♥❞r❡ ❝♦♠♣t❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ♠❛✐s
❛ ❡♥❧❡✈é ❝❡t ❛✈❛♥t❛❣❡ é♥❡r❣ét✐q✉❡ ❡♥ ❢❛✈❡✉r ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆✳
❏✉sq✉✬❛❧♦rs ❧✬❡✛❡t é❧❡❝tr♦♥✐q✉❡ ❞û à ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ét❛✐t s✉♣♣♦sé ❧✐♠✐té str✐❝t❡♠❡♥t
à ❧❛ ❣✉❛♥✐♥❡ ❞❛♥s ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t à ❧❛ s✉✐t❡ ❞❡ ♥♦s ❝♦♥st❛t❛t✐♦♥s s✉r
❧❡s ❞②♥❛♠✐q✉❡s ♠♦❧é❝✉❧❛✐r❡s ❡t ❞❡ ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ tr❛✈❛✉① ré❛❧✐sés ♣❛r P❧❛✈❡❝ ❡t
s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✶✺✶❪ ❝♦♥❝❡r♥❛♥t ❧❛ ❝❤é❧❛t✐♦♥ ❞✬✉♥ ❛❞❞✉✐t ♣❧❛t✐♥é s✉r ✉♥❡ ❣✉❛♥✐♥❡
✭✷✬✲❞❡♦①②✴r✐❜♦①②✲❣✉❛♥♦s✐♥❡ ✸✬✱✺✬ ❜✐s✭ét❤②❧ ♣❤♦s♣❤❛t❡✮✮✱ ✐❧ ❛ été ❞é♠♦♥tré q✉❡ ❧✬❡✛❡t
❛♥♦♠èr❡ ❞û ❛✉ ❝✐s♣❧❛t✐♥❡ s❡ ré♣❡r❝✉t❡ ❥✉sq✉✬❛✉ ♣❤♦s♣❤❛t❡ ❞✉ ♥✉❝❧é♦t✐❞❡✱ ✐♥❞✉✐s❛♥t ❡♥
♣❛rt✐❝✉❧✐❡r ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ tr❛♥s ❞❡ ❧✬❛♥❣❧❡ ǫ✳ ❯♥❡ t❡❧❧❡ st❛❜✐❧✐s❛t✐♦♥
✈❛ ❞❡ ♣❛✐r ❛✈❡❝ ✉♥❡ ♣r♦♣♦rt✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✳
P♦✉r r❡♣rés❡♥t❡r ❛✉ ♠✐❡✉① ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✬✉♥ ❝♦♠♣❧❡①❡ ❆❉◆✲♣❧❛t✐♥❡✱ ❧❛ ♣❛r❛✲
♠étr✐s❛t✐♦♥ ❞✉ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ❡t ❞✬✉♥❡ ♣❛rt✐❡ ❞✉ ♣❤♦s♣❤♦❞✐❡st❡r ❛❞❥❛❝❡♥t
❛ été ♠♦❞✐✜é❡ ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❖✲❈✲❈✲❖ ♣♦✉r ❧❡ s✉❝r❡
❡t ❝❡❧❧❡ ❞❡ ❧✬❛♥❣❧❡ ❈✲❈✲❖✲P ♣♦✉r ❡♣s✐❧♦♥✱ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❡t ❡♥ ❝♦♥❥♦♥❝t✐♦♥✳
✸✳✶ Prés❡♥t❛t✐♦♥ ❞❡s s②stè♠❡s ❞✬ét✉❞❡
▲❡ ❝♦♠♣❧❡①❡ ♣②r❛③♦❧❛t❡ ❜✐♣❧❛t✐♥é ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■❱ ❛ été ❝❤♦✐s✐ ♣♦✉r
❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡s ♥♦✉✈❡❛✉① ♣❛r❛♠ètr❡s✳ ▲❛ ❞é❢♦r♠❛t✐♦♥ str✉❝t✉r❛❧❡ ✐♥❞✉✐t❡ ♣❛r ❝❡
❝♦♠♣♦sé ♣❧❛t✐♥é ❡st ♠♦❞éré❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝✐s♣❧❛t✐♥❡ ❧❡s ❡✛❡ts é❧❡❝tr♦♥✐q✉❡s ✐♥❞✉✐ts
♣❛r ❧❛ ♣❧❛t✐♥❛t✐♦♥ ❞❡s ❣✉❛♥✐♥❡s ♥❡ s♦♥t ♣❧✉s ♠❛sq✉és ♣❛r ❧❛ ❝♦✉❞❡✳ ❉❡ ♣❧✉s✱ ❝❡❧✉✐✲❝✐
❝♦♠♣♦rt❡ ❞❡✉① ❛t♦♠❡s ❞❡ ♣❧❛t✐♥❡✱ ✉♥ ♣❛r ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ✈ér✐✜❡r
✐♥❞é♣❡♥❞❛♠♠❡♥t ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡ ❝♦♠♣❧❡①❡✱ ❧❡s
❞é❢♦r♠❛t✐♦♥s str✉❝t✉r❛❧❡s ✐♥❞✉✐t❡s s✉r ❧❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s s♦♥t ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s
❞✉ ❝✐s♣❧❛t✐♥❡ ✿ ❧❡s ✐♥❢♦r♠❛t✐♦♥s ✐ss✉❡s ❞❡ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥ ❘▼◆ ✐♥❞✐q✉❡♥t q✉❡ ❧❡ s✉❝r❡
❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ ❡st t♦✉❥♦✉rs ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ◆ t❛♥❞✐s q✉❡ ❝❡❧✉✐ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♣❡✉t
❛❞♦♣t❡r ❧❡s ❞❡✉① ❝♦♥❢♦r♠❛t✐♦♥s ◆ ❡t ❙✳
P♦✉r ❧✬ét✉❞❡ ❞❡ ❧✬❛♥❣❧❡ ǫ ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞ér✐✈é❡ ❞✉ tr❛✈❛✐❧ ❞❡ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ❡t
✸✳✷✳ ▲❊ ❙❯❈❘❊ P▲❆❚■◆➱ ✷✵✾
❑♦③❡❧❦❛ ❬✺✾❪✱ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✱ ❛ été ✉t✐❧✐sé❡✳ ■❧ s✬❛❣✐t ❞❡ ❞❡ ❧❛ séq✉❡♥❝❡
✓ ♠✉té❡ ✔ ♣❛r r❛♣♣♦rt ❛✉ tr❛✈❛✐❧ ♣✉❜❧✐é✱ ❧❛ ❜❛s❡ s✉✐✈❛♥t ❧❡s ❞❡✉① ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s
ét❛♥t ✉♥❡ ❣✉❛♥✐♥❡ ❛✉ ❧✐❡✉ ❞✬✉♥❡ ❛❞é♥✐♥❡✳ ❈❡tt❡ ✓ ♠✉t❛t✐♦♥ ✔ ❛ été ❡✛❡❝t✉é❡ ♣♦✉r ✈❛❧✐✲
❞❡r ❧✬❤②♣♦t❤ès❡ é♠✐s❡ ♣❛r ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❝♦♥❝❡r♥❛♥t ❧✬❡①✐st❡♥❝❡
❞✬✉♥❡ ❧✐❛✐s♦♥ ❤②❞r♦❣è♥❡ ❡♥tr❡ ◆❙ ❡t ❧✬❛t♦♠❡ N7 ❞❡ ❧✬❛❞é♥✐♥❡ ❡♥ ✸✬✱ ❝❡tt❡ ❧✐❛✐s♦♥ ét❛♥t
❝♦✉♣❧é❡ à ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■✳ ❈❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥ ❡st très s❡♥s✐❜❧❡ à ❧❛
❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ǫ ❡t ♣❡r♠❡t ❞♦♥❝ ❞✬ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ♥♦tr❡ ♣❛r❛♠étr✐s❛t✐♦♥
s✉r ❧✬éq✉✐❧✐❜r❡ ❇■⇋❇■■✳
✸✳✷ ▲❡ s✉❝r❡ ♣❧❛t✐♥é
P♦✉r ❞✐st✐♥❣✉❡r ❧❡s s✉❝r❡s ❞✬✉♥❡ ❜❛s❡ ♣❧❛t✐♥é❡ ❞❡ ❝❡✉① ❞❡s ❜❛s❡s ♥♦♥ ♠♦❞✐✜é❡s✱ ✐❧
❢❛✉t ❞é✜♥✐r ✉♥ ♥♦✉✈❡❛✉ t②♣❡ ❞✬❛t♦♠❡ ♣♦✉r ❧❡ ❝②❝❧❡ ❢✉r❛♥♦s❡✳ ▲❛ ✜❣✉r❡ ✸✳✶ ♣rés❡♥t❡
❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ❝❤❛♥❣❡♠❡♥ts ♥é❝❡ss❛✐r❡s ✿ ❧❡ t②♣❡ ❞✬❛t♦♠❡ ❈❚✱ ❞❡✈✐❡♥t ❈P ✭P ♣♦✉r
♣❧❛t✐♥é✮✳ ▲❛ ♠♦❞✐✜❝❛t✐♦♥ ♥✬❡st ❡✛❡❝t✉é❡ q✉❡ ♣♦✉r ❧❡s ❝❛r❜♦♥❡s ❝♦♥st✐t✉t✐❢s ❞✉ ❝②❝❧❡ ✭❈1′ ✱
❈2′ ✱ ❈3′ ✱ ❈4′✮✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡s ❛t♦♠❡s ✭❧♦♥❣✉❡✉r ❞❡ ❧✐❛✐s♦♥✱ ❛♥❣❧❡✱ ❛♥❣❧❡s ❞❡ t♦rs✐♦♥✱
❝❤❛r❣❡s✮ s♦♥t ❝♦♥s❡r✈és ✐❞❡♥t✐q✉❡s à ❝❡✉① ❞❡ ♣❛r♠ ✾✽ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥
✉♥✐q✉❡ ❖❙✲❈P✲❈P✲❖❙✳ ▲✬éq✉❛t✐♦♥ ✸✳✶ ♣rés❡♥t❡ ❧❛ ❢♦r♠❡ ❣é♥ér✐q✉❡ ❞✉ ♣♦t❡♥t✐❡❧ ♣♦✉r
✉♥ ❛♥❣❧❡ ❞❡ t♦rs✐♦♥ t❛♥❞✐s q✉❡ ❧✬éq✉❛t✐♦♥ ✸✳✷ ♣rés❡♥t❡ s♦♥ ✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❛♥s ❧❡ ❝❛❧❝✉❧
❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✳
Etorsion =
Vn
2
[1 + ❝♦s(nφ− γ)] ✭✸✳✶✮
Etorsion =
PK
IDIV F
[1 + ❝♦s(PN ∗ φ− PHASE)] ✭✸✳✷✮
P♦✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ❖❙✲❈P✲❈P✲❖❙ ❧❡s ✈❛❧❡✉rs s♦♥t r❡s♣❡❝t✐✲
✈❡♠❡♥t✶ ✿
❆✲❇✲❈✲❉ ■❉■❱❋ P❑ P❍❆❙❊ P◆
❖❙✲❈❚✲❖❙✲❈❚ ✶ ✵✱✶✹✹ ✵✱✵ ✲✸
❖❙✲❈❚✲❖❙✲❈❚ ✶ ✶✱✺✵ ✵✱✵ ✷
P♦✉r ❛♠é❧✐♦r❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ s✉❝r❡ ♣❧❛t✐♥é ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥st❛♥t❡ PKOCCO
❞✉ t❡r♠❡ ❞❡ ♣ér✐♦❞✐❝✐té P◆❂✷ ❛ été ♠♦❞✐✜é❡✳ ■❧ ❡st ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽
é❣❛❧ à ✶✱✺✵ ❦❝❛❧✳♠♦❧✲✶✳
▲✬ét✉❞❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞✉ ♣♦t❡♥t✐❡❧ ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥
PKOCCO ❛ été ré❛❧✐sé❡ s✉r ❧❡ ❝♦♠♣❧❡①❡ ♣②r❛③♦❧❛t♦ ❜✐s✲♣❧❛t✐♥❡ ♣rés❡♥té ❝✐✲❞❡ss✉s ❡t
❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■❱✳
✶▲❡s ❞❡✉① ♣♦t❡♥t✐❡❧s s♦♥t ♣r✐s ❡♥ ❝♦♠♣t❡ ❡t ❛❞❞✐t✐♦♥♥és ❣râ❝❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ s✐❣♥❡ ♥é❣❛t✐❢ ♣♦✉r
P◆ ✭✲✸ ❛✉ ❧✐❡✉ ❞❡ ✸✮✳
✷✶✵ ❈❍❆P■❚❘❊ ✸✳ ❉➱❋❖❘▼❆❚■❖◆❙ ■◆❉❯■❚❊❙ ❙❯❘ ▲❊ ❙◗❯❊▲❊❚❚❊
❋✐❣✳ ✸✳✶ ✕ ▼♦❞✐✜❝❛t✐♦♥ ❛♣♣♦rté❡ ♣♦✉r s✐♥❣✉❧❛r✐s❡r ❧❡ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✳ ▲❡
t②♣❡ ❞✬❛t♦♠❡ ❈❚ ❞❡✈✐❡♥t ❈P ♣♦✉r ❧❡s ❛t♦♠❡s ❞✉ ❝②❝❧❡✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❛ ✈❛❧❡✉r ❞❡ ✵✱✼✺ ❦❝❛❧✳♠♦❧✲✶ ❛ été r❡t❡♥✉❡ ❝❛r ❡❧❧❡ ❝♦rr❡s♣♦♥❞
à ❧❛ ✈❛❧❡✉r ❞❡ ♣❛r♠ ✾✹ ✭✶✳✵✮ ♠♦✐♥s ❧❛ ♠♦✐t✐é ❞❡ ❧❛ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ♣❛r♠ ✾✹ ❡t ♣❛r♠
✾✽ ✭✶✳✺✵✮✳ ❈✬❡st ✉♥❡ ✈❛❧❡✉r q✉✐ ♣❡r♠❡t ❞❡ ❢❛✈♦r✐s❡r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ ❞❡s s✉❝r❡s ❬✷✾❪✳
❈♦♠♠❡ ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■❱✱ tr♦✐s ❝r✐tèr❡s ✐ss✉s ❞❡s ♦❜s❡r✈❛t✐♦♥s ❘▼◆ s♦♥t
❞✐s❝r✐♠✐♥❛♥ts ♣♦✉r ❧❡ ❝❤♦✐① ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡ PKOCCO ✿
✶✳ ❧❛ ♣❤❛s❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ✸✬ ❞♦✐t êtr❡ très ♠❛❥♦r✐t❛✐r❡♠❡♥t ❡♥ ◆ ❀
✷✳ ❧❛ ♣❤❛s❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡ ✺✬ ❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t ❙ ❀
✸✳ ❧❛ ❞✐st❛♥❝❡ 5
′
●✲❍1✲3
′
●✲❍1 ❞♦✐t êtr❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ✷✱✺ ❡t ✸✱✺ ➴✱ ❧❛ ♠❡s✉r❡ ♥❖❡
♦❜s❡r✈é❡ ❡♥ ❘▼◆ ❡st q✉❛❧✐✜é❡ ❞❡ ✓ ♠❡❞✐✉♠ ✔✳
❚r♦✐s ❞②♥❛♠✐q✉❡s ♦♥t été ét✉❞✐é❡s ❛✈❡❝ ❧❛ ❝♦♥st❛♥t❡ ♣♦✉r ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ❖✲❈✲❈✲
❖ é❣❛❧❡ à ✶✱✺✵ ✭♣❛r♠ ✾✽✮✱ ✵✱✼✺ ✭❝❡❧❧❡ ❝❤♦✐s✐❡ ❛r❜✐tr❛✐r❡♠❡♥t✮ ❡t ✵✱✷✺ ❦❝❛❧✳♠♦❧✲✶✭♣♦✉r
✈ér✐✜❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❡①trê♠❡✮✳ ▲❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❞❛♥s ❧❛
✜❣✉r❡ ✸✳✷✳
P♦✉r ❧❛ ❝♦♥st❛♥t❡ PKOCCO ❂ ✵✱✼✺ ❦❝❛❧✳♠♦❧✲✶ ✭✜❣✉r❡ ✸✳✷ ❛✮ ✿ ❝❡tt❡ ✈❛❧❡✉r ❛②❛♥t
été ❝❤♦✐s✐❡ ❞❡ ♠❛♥✐èr❡ ❛r❜✐tr❛✐r❡ ♣♦✉r ❧❡ ♣♦✐♥t ❞❡ ❞é♣❛rt ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✐❧ ❛❞✈✐❡♥t ❞❡
❧✬ét✉❞✐❡r ❛✈❡❝ ♣❧✉s ❞❡ ❝✐r❝♦♥s♣❡❝t✐♦♥✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ♥❛♥♦s❡❝♦♥❞❡ s✐♠✉❧é❡✱ ❧❡s tr♦✐s
♣ré✲r❡q✉✐s ❡①♣ér✐♠❡♥t❛✉① s♦♥t r❡♠♣❧✐s ✿ ❧❡ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ 5
′
● ❛❞♦♣t❡ ✉♥❡ ❝♦♥❢♦r✲
♠❛t✐♦♥ ❙✱ ❝❡❧✉✐ ❞❡ ❧❛ ❣✉❛♥✐♥❡ 3
′
● ✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ◆ ❡t ❧❛ ❞✐st❛♥❝❡ 5
′
●✭❍1✮✲3
′
●✭❍1✮
❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ✐♥t❡♥s✐té ❘▼◆ ✐♥t❡r♠é❞✐❛✐r❡ ✭✓ ♠❡❞✐✉♠ ✔✮✳ ❈❡tt❡ ✈❛❧❡✉r ❛
❞♦♥❝ été ❝❤♦✐s✐❡ ♣♦✉r ❡✛❡❝t✉❡r ✉♥❡ s✐♠✉❧❛t✐♦♥ ♣❧✉s ❧♦♥❣✉❡✱ r❡t❡♥✉❡ ♣♦✉r ♣r♦❞✉✐r❡ ✉♥
♠♦❞è❧❡ à ♣❛rt✐r ❞❡s ✐♥❞✐❝❛t✐♦♥s ❘▼◆ ✭❝♦♠♠❡ ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■❱✮✳ ■❧ ❛♣♣❛r❛ît
❛✉ t❡r♠❡ ❞❡ ❝❡❧❧❡✲❝✐ q✉❡ ❧❛ ❣✉❛♥✐♥❡ ❡♥ ✸✬ ♥❡ r❡st❡ ♣❛s ♣❛r❢❛✐t❡♠❡♥t ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ◆
✸✳✷✳ ▲❊ ❙❯❈❘❊ P▲❆❚■◆➱ ✷✶✶
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✭❞✮ ❝♦♥st❛♥t❡ ❂ ✵✱✷✺ ✭♣r♦❧♦♥❣❛t✐♦♥✮
❋✐❣✳ ✸✳✷ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥st❛♥t❡ ♣♦✉r ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ❖✲❈✲❈✲❖ s✉r
❧❛ ♣❤❛s❡ ❞❡ 5
′
G ✭r♦✉❣❡✮✱ ❧❛ ♣❤❛s❡ ❞❡ 3
′
G ✭✈❡rt✮ ❡t ❧❛ ❞✐st❛♥❝❡ 5
′
G(H1)−3′ G(H1) ✭♥♦✐r✮✳
▲❡s tr❛❝és s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳
❡t q✉❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡ tr❛♥s✐t✐♦♥ ❙ ⇋ ◆✳ ❈❡❧❛ ♣♦✉rr❛✐t êtr❡ ❧✬✐♥❞✐❝❛✲
t❡✉r q✉✬✐❧ ❢❛✉t ❡♥❝♦r❡ ❞✐♠✐♥✉❡r ❧❛ ✈❛❧❡✉r ❞❡ ✵✱✼✺ ♣♦✉r s❡ r❛♣♣r♦❝❤❡r ❞✉ ❝♦♠♣♦rt❡♠❡♥t
♦❜s❡r✈é ❛✈❡❝ ❧❛ ❝♦♥st❛♥t❡ é❣❛❧❡ à ✵✱✷✺ ❦❝❛❧✳♠♦❧✲✶ ✭✈♦✐r ❝✐✲❞❡ss♦✉s✮✳ ❈❡♣❡♥❞❛♥t ❧♦rs ❞❡
❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❞❡✉①✐è♠❡ ♠♦✐t✐é ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭✶✵ ♥s✮✱ ❧❛ ♣r♦♣♦rt✐♦♥ ◆✴❙ ♣♦✉r ❧❛
❣✉❛♥✐♥❡ ✸✬ s✬ét❛❜❧✐t à ✻✺ ✪ ◆ ✴ ✸✺ ✪ ❙ ✭❡❧❧❡ ❡st ❞❡ ✻✺✪ ❙ ✴ ✸✺ ✪ ◆ ♣♦✉r ❧❡s ✶✵
♣r❡♠✐èr❡s ♥❛♥♦s❡❝♦♥❞❡s✮✳ ▲❛ ✈❛❧❡✉r ❝❤♦✐s✐❡ ♣♦✉r ❧❛ ❝♦♥st❛♥t❡ PKOCCO ♣♦✉rr❛✐t ❞♦♥❝
êtr❡ s✉✣s❛♥t❡ ❛✈❡❝ ✉♥ ♣♦✐♥t ❞❡ ❞é♣❛rt ❞❡ s✐♠✉❧❛t✐♦♥ ♣r♦❝❤❡ ❞✉ ♣♦✐♥t ❞✬éq✉✐❧✐❜r❡✱ ✉♥❡
s✐♠✉❧❛t✐♦♥ ♣❧✉s ❧♦♥❣✉❡ ♣❡r♠❡ttr❛✐t ❞❡ ❧❡ ✈ér✐✜❡r✳ ❈♦♠♠❡ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❞❡ ❞♦♥♥é❡s
❡①♣ér✐♠❡♥t❛❧❡s s✉✣s❛♠♠❡♥t ♣ré❝✐s❡s ♣♦✉r ❛✣♥❡r ❝❡ ♣❛r❛♠ètr❡✱ ❧❛ ❝♦♥st❛♥t❡ ❞❡ ✵✱✼✺
❦❝❛❧✳♠♦❧✲✶ ❡st ❞♦♥❝ ❝♦♥s❡r✈é❡ ♣♦✉r ♠♦❞é❧✐s❡r ❧✬❡✛❡t ❛♥♦♠èr❡ ❞û à ❧❛ ❝❤é❧❛t✐♦♥✳
✷✶✷ ❈❍❆P■❚❘❊ ✸✳ ❉➱❋❖❘▼❆❚■❖◆❙ ■◆❉❯■❚❊❙ ❙❯❘ ▲❊ ❙◗❯❊▲❊❚❚❊
P♦✉r ❧❛ ❝♦♥st❛♥t❡ PKOCCO ❂ ✶✱✺✵ ❦❝❛❧✳♠♦❧✲✶ ✭✜❣✉r❡ ✸✳✷ ❜✮ ✭♣❛r♠ ✾✽ ♥❛t✐❢✮ ✿
❛♣rès ✉♥❡ ❜rè✈❡ ✐♥❝✉rs✐♦♥ à ✶✵✵ ♣s ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ ✈❡rs ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❙✱ ❧❛ tr❛♥s✐t✐♦♥
❞❡✈✐❡♥t ❞é✜♥✐t✐✈❡ à ✶✼✵ ♣s✳ ▲❛ ❞✐st❛♥❝❡ ❞❡ ré❢ér❡♥❝❡ r❡st❡ ❡♥❝♦r❡ ✉♥❡ ❢♦✐s ❞❛♥s ❧❛ ♠❛r❣❡
❤❛✉t❡ ❛❝❝❡♣t❛❜❧❡ ♠❛✐s ♣❛r ♦♣♣♦s✐t✐♦♥ à ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❧❛ ❝♦♥st❛♥t❡ é❣❛❧❡ à ✵✱✷✺✱ ❧❡s
❞❡✉① s✉❝r❡s r❡st❡♥t ❡♥ ❙✱ ❝❡ q✉✐ ❡①❝❧✉t ❞é✜♥✐t✐✈❡♠❡♥t ❝❡tt❡ ✈❛❧❡✉r ✭✈♦✐r ❝✐✲❞❡ss♦✉s✮✳
P♦✉r ❧❛ ❝♦♥st❛♥t❡ PKOCCO ❂ ✵✱✷✺ ❦❝❛❧✳♠♦❧✲✶ ✭✜❣✉r❡ ✸✳✷ ❝✮ ✿ ❛✉ ❞é❜✉t ❞❡
❧❛ ❞②♥❛♠✐q✉❡✱ ❧❡s tr♦✐s ❝r✐tèr❡s s♦♥t r❡♠♣❧✐s✳ ❈❡♣❡♥❞❛♥t à ✸✼✺ ♣s ❧❡ s✉❝r❡ 3
′
● ♣❛ss❡
❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❙✳ ❆ ❝❡ ♠♦♠❡♥t ❧❛ ❞✐st❛♥❝❡ 5
′
●✲❍1✲3
′
●✲❍1 s❡ r❡tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐♠✐t❡
❤❛✉t❡ ❞❡ ❧❛ ❢♦✉r❝❤❡tt❡✳ ▲❡s ❞❡✉① s✉❝r❡s ❞❡✈r❛✐❡♥t t❡♥❞r❡ ✈❡rs ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ ♣✉✐sq✉❡
❧❛ ♣❛r♠étr✐s❛t✐♦♥ ✐♥❝✐t❡ ❝❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥✱ ♦r ❝❡✉①✲❝✐ ♣❛ss❡♥t t♦✉s ❧❡s ❞❡✉① ❡♥ ❙✳ ❆♣rès
♣r♦❧♦♥❣❛t✐♦♥ ❞❡ ❝❡tt❡ ❞②♥❛♠✐q✉❡ ✭✜❣✉r❡ ✸✳✷ ❞✮✱ ✐❧ s✬❛✈èr❡ q✉❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆✴◆ ❡st
❜✐❡♥ ❛❞♦♣té❡ ♠❛✐s ❛♣rès ♣❛ss❛❣❡ ♣❛r ❞❡s ét❛ts ✐♥t❡r♠é❞✐❛✐r❡s ✭♥♦t❛♠♠❡♥t ❛✈❡❝ ǫ ❡t ζ
❡♥ ❝♦♥❢♦r♠❛t✐♦♥ très ✐♥❤❛❜✐t✉❡❧❧❡ ❣❛✉❝❤❡ ✲✱ ❣❛✉❝❤❡ ✲✮✳ ❈❡tt❡ tr❛♥s✐t✐♦♥ ❛♣♣❛r❛ît ❛✉t♦✉r
❞❡ ✶✼✵✵ ♣s ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ❡t ❝♦♥✜r♠❡ q✉❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ♣❡r♠❡t ❞❡
❢❛✐r❡ é✈♦❧✉❡r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ s✉❝r❡ ✈❡rs ❧✬éq✉✐❧✐❜r❡ ♦❜s❡r✈é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ■❧
❡st à ♥♦t❡r q✉❡ ❧♦rsq✉❡ ❝❡tt❡ tr❛♥s✐t✐♦♥ s✉r✈✐❡♥t✱ ❧❛ ❞✐st❛♥❝❡ ❞❡ ré❢ér❡♥❝❡ ❞❡✈✐❡♥t très
❣r❛♥❞❡ ✭s✉♣ér✐❡✉r❡ à ✺ ➴✮ ❝❡ q✉✐ ❡①❝❧✉t ❞é✜♥✐t✐✈❡♠❡♥t ❝❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥ ❝♦♠♣t❡✲t❡♥✉
❞❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉①✳
❆ tr❛✈❡rs ❧✬ét✉❞❡ ❞❡ tr♦✐s ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ t❡❧❧❡ q✉❡
❞é✜♥✐❡ ♣❧✉s ❤❛✉t✱ ✐❧ ❛♣♣❛r❛ît q✉❡ ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ r❡♥❞r❡
❝♦♠♣t❡ ❝♦rr❡❝t❡♠❡♥t ❞❡s ❞é❢♦r♠❛t✐♦♥s ✐♥❞✉✐t❡s ♣❛r ❧❡ ♣②r❛③♦❧❛t❡ ❜✐s♣❧❛t✐♥❡ s✉r ❧✬❆❉◆✳
▲❛ ♠♦❞✐✜❝❛t✐♦♥ ❡✛❡❝t✉é❡ ♣❡r♠❡t ♣❛r ❝♦♥tr❡ ❞✬② ❛rr✐✈❡r ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❝♦♥st❛♥t❡ ❞❡ ✵✱✼✺
❦❝❛❧✳♠♦❧✲✶ ❡t ✉♥❡ ❝♦♥st❛♥t❡ tr♦♣ ❢❛✐❜❧❡ ❞é♣❧❛❝❡ ❧✬éq✉✐❧✐❜r❡ ◆⇋❙ ❞❡ ♠❛♥✐èr❡ ❞✐s♣r♦♣♦r✲
t✐♦♥♥é❡✳
✸✳✸ ▲✬❛♥❣❧❡ ǫ
❈♦♠♠❡ ❞é❝r✐t ♣❛r P❧❛✈❡❝ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✶✺✶❪✱ ❧♦rs ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✬✉♥❡
❣✉❛♥✐♥❡ ✭✷✬✲❞❡♦①②✴r✐❜♦①②✲❣✉❛♥♦s✐♥❡ ✸✬✱✺✬ ❜✐s✭ét❤②❧ ♣❤♦s♣❤❛t❡✮✮ ❛✉ ❝✐s♣❧❛t✐♥❡ ❧✬❡✛❡t ❛♥♦✲
♠èr❡ s❡ ré♣❡r❝✉t❡ ❥✉sq✉✬❛✉ ♣❤♦s♣❤❛t❡ ❞✉ ♥✉❝❧é♦t✐❞❡✱ ✐♥❞✉✐s❛♥t ❡♥ ♣❛rt✐❝✉❧✐❡r ✉♥❡ st❛✲
❜✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ tr❛♥s ❞❡ ❧✬❛♥❣❧❡ ǫ✳ ❯♥❡ t❡❧❧❡ st❛❜✐❧✐s❛t✐♦♥ ✈❛ ❞❡ ♣❛✐r ❛✈❡❝
✉♥❡ ♣r♦♣♦rt✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✳ P♦✉r ♣r❡♥❞r❡ ❡①♣❧✐❝✐t❡♠❡♥t ❡♥
❝♦♠♣t❡ ❝❡t ❡✛❡t✱ ✉♥ ♥♦✉✈❡❛✉ t②♣❡ ❞✬❛t♦♠❡✱ ❈❙ ❛ été ❛❥♦✉té ✉♥✐q✉❡♠❡♥t ♣♦✉r ❧❡ ❝❛r❜♦♥❡
❈2′ ✱ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✸✳✸✳ ▲✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st ❞é✜♥✐ ♣❛r ❧❡s ❛t♦♠❡s ❈4′✲
❈3′✲❖3′✲P ❛❧♦rs q✉❡ ♥♦✉s ✉t✐❧✐s♦♥s ✐❝✐ ❈2′✲ ❈3′✲❖3′✲P ✭❞é❝❛❧é ❞❡ ✶✷✵✝♣❛r r❛♣♣♦rt à ǫ✱
✈♦✐r r❡♠❛rq✉❡ ♣❧✉s ❜❛s✮✱ ❝❡ ❝❤♦✐① ❛ été ❢❛✐t ♣♦✉r é✈✐t❡r ❞✬✐♥t❡r❢ér❡r ❛✈❡❝ ❧✬❛♥❣❧❡ ❈5′✲❈4′✲
❈3′✲❖3′✭δ✮ q✉✐ ❛ ❞é❥à été ♠♦❞✐✜é ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ PKOCCO
✸✳✸✳ ▲✬❆◆●▲❊ ǫ ✷✶✸
❂ ✵✱✼✺ ❦❝❛❧✳♠♦❧✲✶ s✉r ❖✲❈✲❈✲❖✳
❋✐❣✳ ✸✳✸ ✕ ▼♦❞✐✜❝❛t✐♦♥ ❛♣♣♦rté❡ ♣♦✉r ✐♥✢✉❡r ✉♥✐q✉❡♠❡♥t s✉r ❧✬❛♥❣❧❡ ǫ✳ ▲❡ ❝❛r❜♦♥❡ ❈2✬
❡st ♠❛✐♥t❡♥❛♥t ❞❡ t②♣❡ ❈❙✳
❉❛♥s ❝❡ ❝❛s ✐❧ ♥❡ s✬❛❣✐t ♣❛s ❞❡ ♠♦❞✐✜❡r ❧❛ ✈❛❧❡✉r ❞✬✉♥❡ ❝♦♥st❛♥t❡ ❡①✐st❛♥t❡ ✭PKOCCO✮
♠❛✐s ❜❡❧ ❡t ❜✐❡♥ ❞✬❡♥ ✐♥tr♦❞✉✐r❡ ✉♥ ♥♦✉✈❡❛✉ t❡r♠❡ ❞❡ t♦rs✐♦♥ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✳
❆✐♥s✐ ❧❡s ♠♦❞✐✜❝❛t✐♦♥s s❡ ❞♦✐✈❡♥t ❞✬êtr❡ ❣r❛❞✉❡❧❧❡s ♣♦✉r é✈❛❧✉❡r ❧✬✐♠♣❛❝t ❞❡ ❝❡ ♥♦✉✈❡❛✉
t❡r♠❡ ❞❡ t♦rs✐♦♥✳
❉❡ ♣❧✉s ✐❧ ❢❛✉t ❢❛✈♦r✐s❡r ❧✬ét❛t ❇■ ♣❛r r❛♣♣♦rt à ❧✬ét❛t ❇■■✳ ▲❡ ♠♦②❡♥ ❧❡ ♣❧✉s ❡✣❝❛❝❡
❝♦♥s✐st❡ à ♠♦❞✐✜❡r ❧❡ ♣♦t❡♥t✐❡❧ ♣♦✉r q✉✬❛✉ t❡r♠❡ ✐♥✐t✐❛❧ ❞❡ t♦rs✐♦♥ ✭P◆❂✸✮ s♦✐t ❛❥♦✉té
✉♥ ♥♦✉✈❡❛✉ t❡r♠❡ ✭P◆❂✷✮ ♥❡ ♣é♥❛❧✐s❛♥t ♣❛s é♥❡r❣ét✐q✉❡♠❡♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ à ❢❛✈♦r✐✲
s❡r✳ ❆✐♥s✐ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❢♦r❝❡ PKCCOP = x ❞❡ ❝❡ ♣♦t❡♥t✐❡❧ ❛❞❞✐t✐♦♥♥❡❧
✭❞é❝r✐t ❝✐✲❞❡ss♦✉s✮✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ ❜❛rr✐èr❡ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ét❛ts ❇■
❡t ❇■■ ♠❛✐s ❛✉ss✐ ❞é❢❛✈♦r✐s❡r ❧✬ét❛t ❇■■ ❡♥ ❧✉✐✲♠ê♠❡ ❡♥ ❧❡ ♣é♥❛❧✐s❛♥t é♥❡r❣ét✐q✉❡♠❡♥t✳
P♦✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ❈P✲❈P✲❖❙✲P ❧❡s t❡r♠❡s ❞❡ ❧✬éq✉❛t✐♦♥ ✸✳✷
s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✿
❆✲❇✲❈✲❉ ■❉■❱❋ P❑ P❍❆❙❊ P◆
❳✲❈❚✲❖❙✲❳ ✸ ✶✱✶✺ ✵✱✵ ✸
❈❡ ♣♦t❡♥t✐❡❧ ❡st ♠♦❞✐✜é ♣♦✉r ✐♥❝❧✉r❡ ✉♥ t❡r♠❡ s♣é❝✐✜q✉❡ ♣♦✉r ❧❡s s✉❝r❡s ❞❡s ♥✉✲
❝❧é♦t✐❞❡s ♣❧❛t✐♥és✳ ▲❡s t②♣❡s ❞✬❛t♦♠❡s s♣é❝✐✜q✉❡s s♦♥t ❛❧♦rs ❈P ❡t ❈❙✱ ❡t ❧❛ ❜❛rr✐èr❡
❞❡ t♦rs✐♦♥ ❡st ❞é✜♥✐❡ ♣❛r ❞❡✉① t❡r♠❡s✱ ❧❡ ♣r❡♠✐❡r ❡st ❧❛ ❝♦♣✐❡ ❞✉ ♣♦t❡♥t✐❡❧ ❣é♥ér❛❧✱ ❧❡
s❡❝♦♥❞ ❛ ✉♥ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞❡ ✲✻✵✝❛✜♥ ❞✬♦❜t❡♥✐r ❧❡ ♠✐♥✐♠✉♠ ♣♦✉r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥
❇■✳ ▲❡ rés✉❧t❛t ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❡st ♣rés❡♥té ❝✐✲❞❡ss♦✉s✳ ▲❛ ✈❛r✐❛❜❧❡ x
♣❡r♠❡t ❞✬❛❞❛♣t❡r ❧❛ ❝♦♥st❛♥t❡ ❞✉ ♣♦t❡♥t✐❡❧✳
✷✶✹ ❈❍❆P■❚❘❊ ✸✳ ❉➱❋❖❘▼❆❚■❖◆❙ ■◆❉❯■❚❊❙ ❙❯❘ ▲❊ ❙◗❯❊▲❊❚❚❊
❆✲❇✲❈✲❉ ■❉■❱❋ P❑ P❍❆❙❊ P◆
❈❙✲❈P✲❖❙✲P ✸ ✶✱✶✺ ✵✱✵ ✲✸
❈❙✲❈P✲❖❙✲P ✶ x ✲✻✵✱✵ ✷
▲❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣♦t❡♥t✐❡❧ q✉✬✐♥❞✉✐t ❝❡ ♥♦✉✈❡❛✉ t❡r♠❡ ❞❡ t♦rs✐♦♥ s♦♥t ♣rés❡♥tés
❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✹✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■ ✭q✉✐ s❡ tr♦✉✈❡ ✐❝✐ à ✻✵✝✱ ✈♦✐r
r❡♠❛rq✉❡ ♣❧✉s ❜❛s✮ ♥❡ s✉❜✐t ♣❛s ❞❡ ♣é♥❛❧✐s❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ PKCCOP = x
t❛♥❞✐s q✉❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ✭à ✶✽✵✝✱ ✈♦✐r r❡♠❛rq✉❡ ♣❧✉s ❜❛s✮✳ ▲❛
❜❛rr✐èr❡ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ét❛ts ❇■⇋❇■■ ❡st ❡❧❧❡ ❛✉ss✐ ❛✉❣♠❡♥té❡✳ ❈❡tt❡
♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ st❛❜✐❧✐s❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✱ à ❧❛ ❢♦✐s t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t
❡♥ ❞é❢❛✈♦r✐s❛♥t é♥❡r❣ét✐q✉❡♠❡♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ♣❛r r❛♣♣♦rt à ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■
❡t ❝✐♥ét✐q✉❡♠❡♥t ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ ❜❛rr✐èr❡ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ét❛ts✳
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❋✐❣✳ ✸✳✹ ✕ ❊✈♦❧✉t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞✬é♥❡r❣✐❡ ❞❡ t♦rs✐♦♥ ❛✉t♦✉r ❞❡ ❧✬❛♥❣❧❡ ❈❙✲❈P✲❖❙✲P
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡ PKCCOP ❞✬é♥❡r❣✐❡ ✉t✐❧✐sé❡✳
❘❡♠❛rq✉❡ ✿ ❧✬❛♥❣❧❡ ❞❡ ❧❛ ✜❣✉r❡ ✸✳✹ ❡st ❈❙✲❈P✲❖❙✲P✱ ♣♦✉r ♦❜t❡♥✐r ❧❛ ✈❛❧❡✉r ❞❡
❧✬❛♥❣❧❡ ǫ ✐❧ ❢❛✉t ❛❥♦✉t❡r ✶✷✵✝✳ ❆✐♥s✐ ❧✬ét❛t ❧❡ ♣❧✉s st❛❜❧❡ ♣♦✉r ❝❡t ❛♥❣❧❡ ❡st ✻✵✰✶✷✵ ❂
✶✽✵✝ ✭❝♦♥❢♦r♠❛t✐♦♥ tr❛♥s ♣rés❡♥t❡ ❞❛♥s ❧✬ét❛t ❇■✮ s✉✐✈✐ ♣❛r ❧✬ét❛t ❣❛✉❝❤❡✲ à ✶✽✵✰✶✷✵
❂✸✵✵✝q✉❡ ❧✬♦♥ ❝❤❡r❝❤❡ à ❞é❢❛✈♦r✐s❡r ✐❝✐✳
▲✬❛♥❛❧②s❡ ♣❛r ❘▼◆ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ ♣❧❛t✐♥é s✉r ❧❛ séq✉❡♥❝❡ 5
′
✲●✯●✯●✲3
′
✭❝❢✳ ❝❤❛✲
♣✐tr❡ ■■✮ ✐♥❞✐q✉❡ q✉❡ ❧❡ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ❛❞♦♣t❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ ✭❝❡ q✉✐ s♦✉s✲t❡♥❞
✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✮ t❛♥❞✐s q✉❡ ❧❡ ♣❤♦s♣❤❛t❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ ❡st ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✳
✸✳✸✳ ▲✬❆◆●▲❊ ǫ ✷✶✺
P♦✉r r❡♣r♦❞✉✐r❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t ❡t ét❛❧♦♥♥❡r ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ♥♦✉✈❡❛✉ t❡r♠❡✱
✉♥ ♣♦✐♥t ❞❡ ❞é♣❛rt ✐❞❡♥t✐q✉❡ ✐ss✉ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❞✉ ❝✐s✲
♣❧❛t✐♥❡ ✜①é s✉r ❧❛ séq✉❡♥❝❡ ❝❡♥tr❛❧❡ 5
′
✲●✯●✯●✲3
′
❛ été ✉t✐❧✐sé✳ ❉❛♥s ❝❡tt❡ s✐♠✉❧❛t✐♦♥
❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ✐♥✐t✐❛❧❡ ❛ ❝♦♠♠❡ ❝❛r❛❝tér✐st✐q✉❡s ✉♥ s✉❝r❡ ❙ ♣♦✉r ❧❛ ❣✉❛♥✐♥❡ ✺✬ ❡t
✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ très ♠❛❥♦r✐t❛✐r❡♠❡♥t ❇■■ ✭ǫ3′G − ζ3′G > 0✝✮ ♣♦✉r ❧❡ ♣❤♦s♣❤❛t❡ ❞❡ ❧❛
❣✉❛♥✐♥❡ ✸✬✳
▲❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ PKOCCO = 0, 75 ❦❝❛❧✳♠♦❧✲✶ s✉r ❖✲❈✲❈✲❖ ❛ t♦✉t ❞✬❛❜♦r❞ été
é✈❛❧✉é❡ ♣♦✉r ✈ér✐✜❡r ❧✬✐♠♣❛❝t s❡✉❧ ❞❡ ❝❡tt❡ ♠♦❞✐✜❝❛t✐♦♥ s✉r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❧✬♦❧✐❣♦✲
♥✉❝❧é♦t✐❞❡ ♣❧❛t✐♥é✳ ▲❡ ♥♦✉✈❡❛✉ t❡r♠❡ ❛ été ét❛❧♦♥♥é ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ❞❡ PKCCOP = 0, 50
❡t PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧−1✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ♠♦❞✐✜✲
❝❛t✐♦♥ s✉r ǫ ✭PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧✲✶✮ s❛♥s ❧❛ ♠♦❞✐✜❝❛t✐♦♥ s✉r ❧❡s s✉❝r❡s ♣❧❛t✐♥és
✭PKOCCO = 1, 50 ❦❝❛❧✳♠♦❧−1✮ ❛ ❛✉ss✐ été ét✉❞✐é❡✳
❊✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ s❛♥s ♠♦❞✐✜❝❛t✐♦♥ ✭✜❣✉r❡ ✸✳✺ ❛✮ ✿ ❧❡s ✷✵✵ ♣r❡✲
♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❡ tr❛✐t ✈❡rt✐❝❛❧ ❜❧❡✉ r❡♣rés❡♥t❡♥t ❧❡ ♣♦✐♥t ❞❡ ❞é♣❛rt ✐ss✉ ❞✬✉♥❡
s✐♠✉❧❛t✐♦♥ ✉t✐❧✐s❛♥t ♣❛r♠ ✾✽ s❛♥s ♠♦❞✐✜❝❛t✐♦♥✳ ❈❡tt❡ s✐♠✉❧❛t✐♦♥ ❛ ❞✉ré ❥✉sq✉✬❛❧♦rs ✹
♥s ❡t ❧❡s ✷✵✵ ♣s ♣rés❡♥té❡s s♦♥t r❡♣rés❡♥t❛t✐✈❡s ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❞❡✉① ❣✉❛♥✐♥❡s
❧♦rs ❞❡s ♣ré❝é❞❡♥t❡s ✸✱✽ ♥s✳ ▲❛ ❣✉❛♥✐♥❡ 5
′
G ❡st à ❝❡ ♠♦♠❡♥t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❛♥s ❧❛
❝♦♥❢♦r♠❛t✐♦♥ ❙✴❇■ ✭❧❡ s✉❝r❡ ❡st ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❙✱ ❧❡ ♣❤♦s♣❤❛t❡ ❡♥ ❇■ ✭ǫ5′G−ζ5′G < 0✝✮✳
P♦✉r ❧❛ ❣✉❛♥✐♥❡ 3
′
G ❧❡ s✉❝r❡ ❡st ❛✉ss✐ ❙✱ ❧❡ ♣❤♦s♣❤❛t❡ ♣rés❡♥t❡ ❞❡s tr❛♥s✐t✐♦♥s ❇■⇋❇■■✳
❈❡s ❝❛r❛❝tér✐st✐q✉❡s s❡r♦♥t ♣rés❡♥té❡s s②sté♠❛t✐q✉❡♠❡♥t ❞❛♥s ❧❡s ❣r❛♣❤✐q✉❡s s✉✐✈❛♥ts
♣♦✉r r❛♣♣❡❧✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s rés✉❧t❛ts ♣rés❡♥tés ✐❝✐ ✭✺✯✷ ♥s✮ ❢❡r❛ ❧✬♦❜❥❡t ❞✬✉♥❡ ét✉❞❡
♣❧✉s ❡①t❡♥s✐✈❡ ✭✺✯✷✵ ♥s✮✳
▲❛ ♣r♦❧♦♥❣❛t✐♦♥ ❞❡ ❝❡tt❡ ❞②♥❛♠✐q✉❡ ♣♦✉r ✷ ♥s ♣❡r♠❡t ❧✬♦❜s❡r✈❛t✐♦♥ ❞✉ ❝♦♠♣♦rt❡✲
♠❡♥t ❞❡s ❣✉❛♥✐♥❡s s✐ ❛✉❝✉♥❡ r❡✲♣❛r❛♠étr✐s❛t✐♦♥ ♥✬ét❛✐t ✐♥t❡r✈❡♥✉❡✳ ▲❡ ♣❤♦s♣❤❛t❡ ❞❡ ❧❛
❣✉❛♥✐♥❡ ✺✬ r❡st❡ ❡♥ ♣❡r♠❛♥❡♥❝❡ ❡♥ ❇■ t❛♥❞✐s q✉❡ ❧❡ s✉❝r❡ ♣rés❡♥t❡ ✉♥❡ tr❛♥s✐t✐♦♥ ❞❡ ❙
✈❡rs ◆ ❛♣rès ✶✷✽✵ ♣s ❞❡ ♣r♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡✱ ❝❡tt❡ tr❛♥s✐t✐♦♥ ❢❛✐s❛♥t ❧✬♦❜❥❡t
❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞❡ ǫ5′G ❡t ζ5′G✳ ❈❡tt❡ tr❛♥s✐t✐♦♥ ❙⇋◆ ❡st ré✈❡rs✐❜❧❡✱
♣✉✐sq✉❡ ❞❛♥s ❧❡ ♣r♦❧♦♥❣❡♠❡♥t ❞❡ ❝❡tt❡ ❞②♥❛♠✐q✉❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❙ ré❛♣♣❛r❛îtr❛ ✭❧❡s
❞ét❛✐❧s ❞❡s ✺✯✷✵♥s ❢❡r♦♥t ❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ✉❧tér✐❡✉r❡✮✳ ▲❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ q✉✐
❡st ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♣❡✉t ❞♦♥❝ êtr❡ ♦❜s❡r✈é❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡
♣❛r♠ ✾✽ ♠❛✐s ❝❡t ét❛t ♥✬❡st ♣❛s st❛❜❧❡ ❞❛♥s ❧❛ ❞✉ré❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ ❧❡ s✉❝r❡ r❡st❡ ❞❛♥s ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❙✳ ▲❡ ♣❤♦s♣❤❛t❡
♣rés❡♥t❡ ❞❡s tr❛♥s✐t✐♦♥s ❇■⇋❇■■ ❛✈❡❝ ✉♥❡ ♣r♦♣♦rt✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❇■■✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ♣❡r♠❡t ❞❡ s✬❛♣♣r♦❝❤❡r ❞❡s ♦❜s❡r✈❛t✐♦♥s
❡①♣ér✐♠❡♥t❛❧❡s ✭✐ss✉❡s ❞✬ét✉❞❡s ❛♥tér✐❡✉r❡s ❡t ❞❡ ❝❡❧❧❡ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✮
♠❛✐s ❧❡s ét❛ts ❝❛r❛❝tér✐st✐q✉❡s ♥❡ s♦♥t ♣❛s ♣rés❡♥ts ❝❛r ✐❧s ♦s❝✐❧❧❡♥t ❡♥tr❡ ❞❡✉① ét❛ts
♠ét❛st❛❜❧❡s✳
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✭❜✮ P❛r♠ ✾✽ ❛✈❡❝ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞❡ t♦rs✐♦♥ ❞✉ s✉❝r❡ à ✵✱✼✺ ❦❝❛❧✳♠♦❧ ✲✶.➴
✲✷
❋✐❣✳ ✸✳✺ ✕ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ♣❛r♠ ✾✽✳ ▲❛
♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡ ❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st ❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡
t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳ ▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❜❧❡✉❡
♣rés❡♥t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és s♦♥t ♠♦②❡♥♥és
s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳
❊✈♦❧✉t✐♦♥ ❡♥ ♠♦❞✐✜❛♥t ✉♥✐q✉❡♠❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐✲
♥és ✭PKOCCO = 0, 75 ❦❝❛❧✳♠♦❧✲✶✱ ✜❣✉r❡ ✸✳✺ ❜✮ ✿ ❡♥ ❛❥♦✉t❛♥t ❛✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡
❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ♠✐s❡ ❛✉ ♣♦✐♥t ♣❧✉s ❤❛✉t✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ s✉❝r❡
❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ é✈♦❧✉❡✳ ❆✉ ❧✐❡✉ ❞❡ ♣rés❡♥t❡r ❞❡s tr❛♥s✐t✐♦♥s ❙⇋◆ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥
❞❡✈✐❡♥t r❛♣✐❞❡♠❡♥t ◆ ❡t ❧❡ r❡st❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧❛
❝♦♥❢♦r♠❛t✐♦♥ ◆ ✈❛ ❞❡ ♣❛✐r ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ♣♦✉r ǫ5′G ❡t ζ5′G ♣❧✉s é❧❡✈é❡s q✉❡ ❧♦rsq✉❡
❧✬♦♥ ❛ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❙✳ ❉❡ ♣❧✉s ❝❡tt❡ ♠♦❞✐✜❝❛✐t♦♥ ♥✬✐♥✢✉❡ ♣❛s s✉r ❧❛ ♣❤❛s❡ ❞✉ s✉❝r❡
❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ q✉✐ r❡st❡ ❙✳
▲❡ ♣❤♦s♣❤❛t❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ❡st ❡♥ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✱ ❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t ❧❡
♣❤♦s♣❤❛t❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ ❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t ❇■■✳
▲❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ t♦rs✐♦♥ ❞❡s ❞❡✉① s✉❝r❡s ♣❧❛t✐♥és ♣❡r♠❡t ❞♦♥❝
sé❧❡❝t✐✈❡♠❡♥t ❞✬❛♣♣r♦❝❤❡r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♦❜s❡r✈é❡ ❡①♣é✲
r✐♠❡♥t❛❧❡♠❡♥t s❛♥s ❛❧tér❡r ❝❡❧❧❡ ❞✉ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬✳ ❈❡tt❡ r❡♣❛r❛♠étr✐s❛t✐♦♥
♥✬✐♥✢✉❡ ♣❛s s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ♣❤♦s♣❤❛t❡✳
❊✈♦❧✉t✐♦♥ ❡♥ ♠♦❞✐✜❛♥t ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ❡t ❧❡ ♣♦✲
t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❞✉ t❡r♠❡ ♣♦✉r ǫ ✭PKOCCO = 0, 75 ❦❝❛❧✳♠♦❧✲✶✱ PKCCOP = 1, 00
❦❝❛❧✳♠♦❧−1✱ ✜❣✉r❡ ✸✳✻✮ ✿ ❝♦♠♠❡ ✐♥❞✐q✉é ♣❧✉s ❤❛✉t✱ ❧✬❛♥❣❧❡ ❈2′✲ ❈3′✲❖3′✲P ❛ été ♣ré✲
❢éré à ❧✬❛♥❣❧❡ ❈4′✲ ❈3′✲❖3′✲P ♣♦✉r é✈✐t❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛t♦♠❡s ✐❞❡♥t✐q✉❡s ♣♦✉r ❞❡✉①
♣♦t❡♥t✐❡❧s ❞✐✛ér❡♥ts✳ ❈❡s ❞❡✉① ♣♦t❡♥t✐❡❧s s♦♥t ❡♥ ♣❛rt✐❡ ❝♦✉♣❧és ❝♦♠♠❡ ❧✬✐♥❞✐q✉❡ ❧❛
♣ér✐♦❞❡ ❞❡ ❧❛t❡♥❝❡ ♣♦✉r ❧❛ tr❛♥s✐t✐♦♥ ❞❡ ❧✬ét❛t ❙ ✈❡rs ◆ ♣♦✉r ❧❡ s✉❝r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡
✸✳✸✳ ▲✬❆◆●▲❊ ǫ ✷✶✼
✺✬ ✿ ✷✺✵ ♣s ❛♣rès ❧❛ ♣r♦❧♦♥❣❛t✐♦♥ s♦♥t ♥é❝❡ss❛✐r❡s ♣♦✉r ♦❜s❡r✈❡r ❝❡tt❡ tr❛♥s✐t✐♦♥ ❛✈❡❝
PKOCCO = 0, 75 ❦❝❛❧✳♠♦❧✲✶✱ PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧−1 t❛♥❞✐s q✉✬❡❧❧❡ ❡st ✐♠♠é❞✐❛t❡
❛✈❡❝ ❧✬✉t✐❧✐s❛t✐♦♥ s❡✉❧❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡ PKOCCO = 0, 75 ❦❝❛❧✳♠♦❧✲✶ ♣♦✉r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡
t♦rs✐♦♥ ❞❡ ❝❡ s✉❝r❡ ✭✜❣✉r❡ ✸✳✺ ❜✮✳ ❈❡tt❡ ♣ér✐♦❞❡ ❞❡ ❧❛t❡♥❝❡ é❝♦✉❧é❡✱ ❧❛ tr❛♥s✐t✐♦♥ ✈❡rs ◆
❡st ♣❡r♠❛♥❡♥t❡✳
P♦✉r ❧❛ ❣✉❛♥✐♥❡ ✸✬ ❧❡ s✉❝r❡ ❡st t♦✉❥♦✉rs ❙✱ ❧❡ ♣❤♦s♣❤❛t❡ ❛❞♦♣t❡ ♠❛✐♥t❡♥❛♥t ❧❛ ❝♦♥❢♦r✲
♠❛t✐♦♥ ❇■ ✭❛✈❡❝ ✉♥❡ ❝♦✉rt❡ tr❛♥s✐t✐♦♥ ✈❡rs ❇■■ ❡♥tr❡ ✸✾✵ ❡t ✹✺✵ ♣s ❛♣rès ♣r♦❧♦♥❣❛t✐♦♥✮✳
❈❡tt❡ ♥♦✉✈❡❧❧❡ ♣❛r❛♠étr✐s❛t✐♦♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s
s✉❝r❡s ❡t ❞❡ ǫ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥ ❡♥s❡♠❜❧❡ ❞②♥❛♠✐q✉❡ ❞❡ str✉❝t✉r❡s r❡♣r♦❞✉✐s❛♥t ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❡ss❡♥t✐❡❧❧❡s ♦❜s❡r✈é❡s ❡♥ ❘▼◆ ❡t r❛❞✐♦❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❛✉① r❛②♦♥s ❳✳
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❋✐❣✳ ✸✳✻ ✕ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ♣❛r♠ ✾✽
♣✉✐s ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ❡t ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❛✈❡❝ PKCCOP = 1, 00
❦❝❛❧✳♠♦❧−1 ♣♦✉r ǫ✳ ▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡ ❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st
❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳ ▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡
✈❡rt✐❝❛❧❡ ❜❧❡✉❡ ♣rés❡♥t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és
s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳
❊✈♦❧✉t✐♦♥ ❡♥ ♠♦❞✐✜❛♥t ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ❡t ❧❡ ♣♦✲
t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❞✉ t❡r♠❡ ♣♦✉r ǫ ✭PKOCCO = 0, 75 ❦❝❛❧✳♠♦❧✲✶✱ PKCCOP = 0, 50
❦❝❛❧✳♠♦❧−1✱ ✜❣✉r❡ ✸✳✼✮ ✿ ❛✈❡❝ ❧❡ t❡r♠❡ ♣♦✉r ǫ ❞❡ ♠♦✐t✐é ✐♥❢ér✐❡✉r à ❝❡❧✉✐ ✐❧❧✉stré ♣❛r
❧❛ ✜❣✉r❡ ✸✳✻✱ ❧❛ ♣ér✐♦❞❡ ❞❡ ❧❛t❡♥❝❡ ❡st très ré❞✉✐t❡ ♣♦✉r ❧❡ ♣❛ss❛❣❡ ❞✉ s✉❝r❡ ❞❡ ❙ ✈❡rs
✷✶✽ ❈❍❆P■❚❘❊ ✸✳ ❉➱❋❖❘▼❆❚■❖◆❙ ■◆❉❯■❚❊❙ ❙❯❘ ▲❊ ❙◗❯❊▲❊❚❚❊
◆ ✭✷✺ ♣s ❛✉ ❧✐❡✉ ❞❡ ✷✺✵ ♣s✮✳ ▲❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ s✉❝r❡ ❡t ❞✉ ♣❤♦s♣❤❛t❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡
✸✬ s♦♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳
❈❡tt❡ ♣❛r❛♠étr✐s❛t✐♦♥ ♣♦✉rr❛✐t êtr❡ s✉✣s❛♥t❡ ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ❡✛❡ts é❧❡❝tr♦✲
♥✐q✉❡s ✐♥❞✉✐ts ♣❛s ❧❛ ❝❤é❧❛t✐♦♥✱ ❝❡♣❡♥❞❛♥t ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ ♣❤♦s♣❤❛t❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡
✺✬ ❡st ✐♥❤❛❜✐t✉❡❧❧❡✳ ❊♥ ❡✛❡t✱ ❧✬❛♥❣❧❡ ζ ♥✬❛❞♦♣t❡ ♣❛s ✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ❝❛♥♦♥✐q✉❡ ✭g− ♦✉
t✮ ♠❛✐s gauche+✳ ❆♣rès ♦❜s❡r✈❛t✐♦♥ ❛tt❡♥t✐✈❡ ❞❡s str✉❝t✉r❡s ♣rés❡♥t❛♥t ❝❡tt❡ ❝❛r❛❝té✲
r✐st✐q✉❡ ♣❛rt✐❝✉❧✐èr❡ ✐❧ ❛♣♣❛r❛ît q✉❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❣❧♦❜❛❧❡ ♦❜t❡♥✉❡ ❡st ❝❡❧❧❡ ♣r♦♣♦sé❡
♣ré❝é❞❡♠♠❡♥t ❛✉ ❧❛❜♦r❛t♦✐r❡ ✿ ♠♦❞è❧❡ ❊ ❞❡ ❑♦③❡❧❦❛ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✽✼✱ ✶✵✼❪ ♦ù ❧❛
❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ ❧❛ ❣✉❛♥✐♥❡ 5
′
G r❡st❡ ❡♠♣✐❧é❡ s✉r ❧❛ ❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡
❞❡ ❧❛ ❣✉❛♥✐♥❡ 3
′
G ♣❧✉tôt q✉❡ ❞✬êtr❡ ❛♣♣❛r✐é❡ à ❝❡❧❧❡✲❝✐ ♦✉ ❞✬♦s❝✐❧❧❡r ❡♥tr❡ ❧❡s ❞❡✉① ♣♦s✐✲
t✐♦♥s ❝♦♠♠❡ ♣r♦♣♦sé ♣❛r ❊❧✐③♦♥❞♦✲❘✐♦❥❛s ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✺✾❪✳ ❈❡tt❡ s✐♠✉❧❛t✐♦♥
❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡♥ ❡❛✉ ❡①♣❧✐❝✐t❡ ❡st ❧❛ ♣r❡♠✐èr❡ à ❞é♠♦♥tr❡r ❧❛ ♣♦ss✐❜✐❧✐té
❞❡ ❧✬❡♠♣✐❧❡♠❡♥t ❞❡ t②♣❡ ❊✑ ❝❛❧❝✉❧és ♣❛r ♠é❝❛♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡t r♦✉✈r❡ ❧❛ ❞✐s❝✉ss✐♦♥
❝♦♥❝❡r♥❛♥t ❧❡s éq✉✐❧✐❜r❡s ❝♦♥❢♦r♠❛t✐♦♥♥❡❧s ✐♥❞✉✐ts ♣❛r ❧❡s ♣♦♥t❛❣❡s ●✯●✯✲❝✐s♣❧❛t✐♥❡✳
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❋✐❣✳ ✸✳✼ ✕ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛✈❡❝ ♣❛r♠ ✾✽
♣✉✐s ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és ❡t ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❛✈❡❝ PKCCOP = 0, 50
❦❝❛❧✳♠♦❧−1 ♣♦✉r ǫ✳ ▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡ ❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st
❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳ ▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡
✈❡rt✐❝❛❧❡ ❜❧❡✉❡ ♣rés❡♥t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és
s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳
✸✳✸✳ ▲✬❆◆●▲❊ ǫ ✷✶✾
❊✈♦❧✉t✐♦♥ s❛♥s ♠♦❞✐✜❝❛t✐♦♥ ❞❡s s✉❝r❡s ♣❧❛t✐♥és✱ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧
❞❡ t♦rs✐♦♥ ❞✉ t❡r♠❡ ♣♦✉r ǫ ✭PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧−1✱ ✜❣✉r❡ ✸✳✽✮ ✿ ❝♦♠♠❡
✈✉ ♣ré❝é❞❡♠♠❡♥t ❧❛ ❝♦♥❥♦♥❝t✐♦♥ ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ s✉❝r❡ ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ✶✱✵✵
❦❝❛❧✳♠♦❧−1 ♣♦✉r ǫ ❝♦♥❞✉✐t à ✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ré♣♦♥❞❛♥t ❛✉① ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥✲
t❛❧❡s✳ P♦✉r ét✉❞✐❡r ❧✬❡✛❡t ✐s♦❧é ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞✉ ♣❤♦s♣❤❛t❡ ✭✈✐❛ ǫ✮
✉♥❡ s✐♠✉❧❛t✐♦♥ ♥❡ ❝♦♠♣r❡♥❛♥t ♣❛s ❞❡ ♠♦❞✐✜❝❛t✐♦♥ s✉r ❧❡s s✉❝r❡s ♣❧❛t✐♥és ❛ été ❡✛❡❝✲
t✉é❡✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❣é♥ér❛❧ ❞❡ ❧❛ ❣✉❛♥✐♥❡ ✺✬ ❡st ✐❞❡♥t✐q✉❡ ❛✉
❝♦♠♣♦rt❡♠❡♥t ♦❜s❡r✈é ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢ ✭❧❛ tr❛♥s✐t✐♦♥ ❙ ✈❡rs ◆
❛♣♣❛r✉❡ ♥é❝❡ss✐t❡r❛ ❧✬❛♥❛❧②s❡ ❞❡s ✷✵ ♥s ♣♦✉r ❞ét❡r♠✐♥❡r ♣❧✉s ♣ré❝✐sé♠❡♥t s❛ ♣❡rt✐♥❡♥❝❡
st❛t✐st✐q✉❡✮✳ ❯♥❡ ❢❛✈♦r✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■ ❡st ♦❜s❡r✈❛❜❧❡ ♣♦✉r ❧❡ ♣❤♦s♣❤❛t❡
❞❡ ❧❛ ❣✉❛♥✐♥❡ ✸✬ ✐♥❞✐q✉❛♥t ❜✐❡♥ ✉♥ ❡✛❡t ❛s②♠étr✐q✉❡ ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ✐❞❡♥t✐q✉❡
❞❡s ❞❡✉① ❣✉❛♥✐♥❡s✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♥♦✉✈❡❛✉ t❡r♠❡ ♣♦✉r ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ♣❤♦s✲
♣❤❛t❡ ♥❡ ♣❡r♠❡t ❞♦♥❝ ♣❛s à ❧✉✐ s❡✉❧ à ❢❛✐r❡ ❝♦♥✈❡r❣❡r ❧❡s str✉❝t✉r❡s ❞②♥❛♠✐q✉❡s ✈❡rs
❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳
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❋✐❣✳ ✸✳✽ ✕ Pr♦❧♦♥❣❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ s♦✉s ♣❛r♠ ✾✽ ❛✈❡❝ ❧❡
♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ♠♦❞✐✜é PKCCOP = 1, 00 ❦❝❛❧✳♠♦❧−1 ♣♦✉r ǫ ♠❛✐s s❛♥s ♠♦❞✐✜❝❛t✐♦♥
❞❡s s✉❝r❡s ♣❧❛t✐♥és✳ ▲❛ ♣❤❛s❡ ❞❡s s✉❝r❡s ❡st r❡♣rés❡♥té❡ ❡♥ ✈❡rt✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ǫ ❡st
❡♥ ♥♦✐r✱ ❧✬❛♥❣❧❡ ❞❡ t♦rs✐♦♥ ζ ❡st ❡♥ r♦✉❣❡✳ ▲❡s ✷✵✵ ♣r❡♠✐èr❡s ♣s ❞é❧✐♠✐té❡s ♣❛r ❧❛ ❧✐❣♥❡
✈❡rt✐❝❛❧❡ ❜❧❡✉❡ ♣rés❡♥t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❛✈❡❝ ♣❛r♠ ✾✽ ♥❛t✐❢✳ ▲❡s tr❛❝és
s♦♥t ♠♦②❡♥♥és s✉r ✺ ♣s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳
▲❛ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ❛ ❞♦♥❝ ♥é❝❡ss✐té✱ ❡♥ ♣❧✉s ❞❡ ❧❛ ♣❛r❛✲
♠étr✐s❛t✐♦♥ ❞é❥à ré❛❧✐sé❡ ♣ré❝é❞❡♠♠❡♥t ❛✉ ❧❛❜♦r❛t♦✐r❡✱ ❧✬✐♥❝❧✉s✐♦♥ ❡①♣❧✐❝✐t❡ ❞❡s ❡✛❡ts
✷✷✵ ❈❍❆P■❚❘❊ ✸✳ ❉➱❋❖❘▼❆❚■❖◆❙ ■◆❉❯■❚❊❙ ❙❯❘ ▲❊ ❙◗❯❊▲❊❚❚❊
é❧❡❝tr♦♥✐q✉❡s s✉r ❧❡ s✉❝r❡ ❡t ❧❡ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r✳ ▲❡s ♠♦❞✐✜❝❛t✐♦♥s ♣rés❡♥té❡s
❢❡r♦♥t ❧✬♦❜❥❡t ❞✬ét✉❞❡s ♣❧✉s ❛♣♣r♦❢♦♥❞✐❡s ♣♦✉r t❡st❡r ❧❡✉r ✈❛❧✐❞✐té s✉r ❞✬❛✉tr❡s séq✉❡♥❝❡s
❡t ❝♦♠♣❧❡①❡s✱ ♠❛✐s s✉r ❝❡s ❞❡✉① ❝❛s ❝♦♠♣❧é♠❡♥t❛✐r❡s ✭♣rés❡♥tés ❝❤❛♣✐tr❡s ■■ ❡t ■❱✮✱ ✐❧s
♦♥t ♣❡r♠✐s ❞✬♦❜t❡♥✐r ✉♥ ♠❡✐❧❧❡✉r ❛❝❝♦r❞ ❡♥tr❡ ❧❡ ♠♦❞è❧❡ t❤é♦r✐q✉❡ ❡t ❧❡s ❡①♣ér✐❡♥❝❡s
♣r❛t✐q✉❡s✳
❈❤❛♣✐tr❡ ✹
■♥té❣r❛t✐♦♥ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡
▲❛ ♣rés❡♥❝❡ ❞✬❛♥❣❧❡s ✐♠♣r♦♣r❡s ❞❛♥s ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ♣♦♥t❛❣❡ ●✯●✯✲❝✐s♣❧❛t✐♥❡
♣ré✈✐❡♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♠♦❞✉❧❡s é✈♦❧✉és ❞✬❆▼❇❊❘ ✭①❧❡❛♣ ♦✉ ❛♥t❡❝❤❛♠❜❡r✮✳ ❱♦✐❝✐
❞♦♥❝ ❡♥ ❞ét❛✐❧ ❧❛ ♣r♦❝é❞✉r❡ à s✉✐✈r❡✱ ✉t✐❧✐sé❡ ❞ès ❧❛ ❝ré❛t✐♦♥ ❞✉ ❧♦❣✐❝✐❡❧ ❆▼❇❊❘ ❬✷✵✵❪✱
♣♦✉r ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞✬✉♥ ❝♦♠♣♦sé ♣❧❛t✐♥é ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✳ ▲❡ ❞ét❛✐❧ ❞❡s ♣❛r❛✲
♠ètr❡s ❞❡ ❝❤❛q✉❡ ✜❝❤✐❡r ❡st ♣rés❡♥té ❞❛♥s ❧✬❛♥♥❡①❡✱ ♣❛❣❡ ✷✺✼✳ ❆ t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ✈♦✐❝✐
❧❛ ♣r♦❝é❞✉r❡ ♣❡r♠❡tt❛♥t ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡s ✜❝❤✐❡rs ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡
♠♦❧é❝✉❧❛✐r❡✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ séq✉❡♥❝❡ 5
′
✲●❈❈●✯●✯●❚❈●❈✲3
′
✴ 5
′
✲●❈●❆❈❈❈●●❈✲3
′
✭●✯ r❡♣rés❡♥t❡ ✉♥❡ ❣✉❛♥✐♥❡ ♣❧❛t✐♥é❡✮ ❛✈❡❝ ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✾ ❬✶✾✻❪✳ ❈❡tt❡
❞②♥❛♠✐q✉❡✱ ❝♦♠♠❡ ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✱ ❛ ❡✉ ♣♦✉r ❜✉t ❞✬✉t✐❧✐s❡r ✉♥❡ ✈♦✐❡ ❞❡
♣❛r❛♠étr✐s❛t✐♦♥ ❛❧t❡r♥❛t✐✈❡ à ❝❡❧❧❡ ♣rés❡♥té❡ ❝✐✲❞❡ss✉s✳
▲❡s ♠♦❞✐✜❝❛t✐♦♥s ❛❥♦✉té❡s ❛✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ♥♦✉✈❡❧❧❡
♣❛r❛♠étr✐s❛t✐♦♥ ❞é❝r✐t❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ s♦♥t ♣rés❡♥té❡s ❡♥ ❛♥♥❡①❡✱ ♣❛❣❡ ✷✺✾✳
✹✳✶ Pré♣❛r❛t✐♦♥ ❞✉ ❝♦♠♣♦sé
❋✐❝❤✐❡r ♣r❡♣✐♥ ✭♣❛❣❡ ✷✻✶✮ ✿ ❝♦♥t✐❡♥t ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❞✐✛ér❡♥ts rés✐❞✉s à ✐♥sér❡r ✿
●❉❆ ✭❣✉❛♥✐♥❡ ✺✬✮✱ ●❉❇ ✭❣✉❛♥✐♥❡ ✸✬✮ ❡t P❚❏ ✭❝✐s♣❧❛t✐♥❡✮✳
❋✐❝❤✐❡r ❧✐♥❦✐♥ ✭♣❛❣❡ ✷✻✹✮✱ ❧✐♥❦✐♥❴✐♦♥s ✭♣❛❣❡ ✷✻✹✮ ✿ ❧❡s rés✐❞✉s s♦♥t r❡❧✐és ❡♥tr❡
❡✉①✱ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❡st ♣♦✉r ❧✬✐♥st❛♥t s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝♦♦r❞♦♥♥é❡s ✐♥t❡r♥❡s✳
❋✐❝❤✐❡rs ❡❞✐t✐♥ ✭♣❛❣❡ ✷✻✹✮✱ ❡❞✐t✐♥❴✐♦♥s ✭♣❛❣❡ ✷✻✹✮ ❡t ❡❞✐t✐♥❴❡❛✉ ✭♣❛❣❡ ✷✻✺✮ ✿
❧❛ str✉❝t✉r❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❡st ❛✛❡❝té❡ ❛✉① rés✐❞✉s✱ à ♣❛rt✐r ❞✬✉♥ ❥❡✉ ❞❡ ❝♦♦r❞♦♥♥é❡s
❡①t❡r♥❡ ✭❝♦❞❡ P❉❇ ✿ ✶❆■❖✮✳
❋✐❝❤✐❡r ♣❛r♠✐♥ ✭♣❛❣❡ ✷✻✻✮ ✿ ❧❡s ❝♦♥tr❛✐♥t❡s ❛❞❞✐t✐♦♥♥❡❧❧❡s s✉r ❧❡s ❛t♦♠❡s s♦♥t
❛❥♦✉té❡s✱ ❞❛♥s ♥♦tr❡ ❝❛s✱ ✐❧ s✬❛❣✐t ❞❡ ❞❡✉① ❢♦✐s q✉❛tr❡ ❛♥❣❧❡s ✐♠♣r♦♣r❡s ♣♦✉r ♠♦❞é❧✐s❡r
✷✷✶
✷✷✷ ❈❍❆P■❚❘❊ ✹✳ ■◆❚➱●❘❆❚■❖◆ ❉❆◆❙ ▲❊ ❈❍❆▼P ❉❊ ❋❖❘❈❊
❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝❤é❧❛t✐♦♥ ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ s✉r ❧❡s ❞é❢♦r♠❛t✐♦♥s ❞❡s ❣✉❛♥✐♥❡s✳
●râ❝❡ ❛✉① ✜❝❤✐❡rs ❞é❝r✐ts ❝✐✲❞❡ss✉s ✭♣r❡♣✐♥✱ ❧✐♥❦✐♥✱ ❡❞✐t✐♥ ❡t ♣❛r♠✐♥✮ ❡t à ❧❛ ♠♦❞✐✜✲
❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡✱ ❧❛ ♠♦❧é❝✉❧❡ ❡st ❝♦♥str✉✐t❡ ❡♥ ❡①é❝✉t❛♥t ❧❛ séq✉❡♥❝❡ P❘❊P✲
❃▲■◆❑✲❃❊❉■❚✲❃P❆❘▼ ✭❞ét❛✐❧ ❞❡s s❝r✐♣ts ♣❛❣❡ ✷✻✻✮ tr♦✐s ❢♦✐s ❞❡ s✉✐t❡✱ ❧❛ ❞✐✛ér❡♥❝❡s
♠❛❥❡✉r❡s s❡ ❥♦✉❛♥t s✉r ❧❡ ✜❝❤✐❡r ❡❞✐t✐♥✳
▲❛ ♣r❡♠✐èr❡ sér✐❡ ❞❡ ❝♦♠♠❛♥❞❡s s❡ ❢❛✐t ❛✈❡❝ ❧❡ ✜❝❤✐❡r ❡❞✐t✐♥ q✉✐ ♣❡r♠❡t ❞✬✐♥❝❧✉r❡ ❧❡
✜❝❤✐❡r ❞❡ ❝♦♦r❞♦♥♥é❡s tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s✱ ♣✉✐s ❡❞✐t✐♥❴✐♦♥s ❡st ✉t✐❧✐sé ♣♦✉r ❛❥♦✉t❡r ❧❡s
❝♦♥tr❡✲✐♦♥s✳ ▲❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ s♦♥t ❛❥♦✉té❡s ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ✜❝❤✐❡r ❡❞✐t✐♥❴❡❛✉✱
❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ❞✬❡❛✉ ✭❡♥tr❡ ❧❡ s♦❧✉té ❡t ❧❡ ❜♦r❞ ❞❡ ❧❛ ❜♦✐t❡ ❞❡
s♦❧✈❛t❛t✐♦♥✮ ét❛♥t ❛❥✉sté❡ ♣♦✉r q✉❡ ❧❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❧❛ ❜♦✐t❡ ❞✬✐♠♠❡rs✐♦♥ ❛✐♥s✐ ❝réé❡
s♦✐❡♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❚r❛♥s❢♦r♠é❡ ❘❛♣✐❞❡ ❞❡ ❋♦✉r✐❡r ✭❧❛ ❜♦ît❡ ❞♦✐t
❛✈♦✐r ❞❡s ❞✐♠❡♥s✐♦♥s ♠✉❧t✐♣❧❡s ❞❡ ✷✱ ✸ ♦✉ ✺ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ✻✹✯✺✹✯✻✵✮✳
❆ ❝❡ st❛❞❡ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❢♦r♠❡ ✉♥❡ ❣é♦♠étr✐❡ ré❣✉❧✐èr❡✱ ✐❧
❝♦♥✈✐❡♥t ❞♦♥❝ ❞✬♦♣t✐♠✐s❡r ❧❡✉r ♣♦s✐t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉ s♦❧✉té ❡t ❛✉① ❝♦♥tr❡✲✐♦♥s s♦❞✐✉♠✳
❈❡tt❡ ♦♣ér❛t✐♦♥ ❡st ré❛❧✐sé❡ à tr❛✈❡rs ✉♥❡ sér✐❡ ❞❡ ✻ ♠✐♥✐♠✐s❛t✐♦♥s ♦ù ❧❡s ❝♦♥tr❛✐♥t❡s
❞❡ ♣♦s✐t✐♦♥ s✉r ❧✬❡♥s❡♠❜❧❡ s♦❧✉té✰❝♦♥tr❡✲✐♦♥s s♦♥t ❡♥❧❡✈é❡s ♣❛r ♣❛❧✐❡rs ✭✶✵✵ ❦❝❛❧✳♠♦❧✲✶✱
✺✵✱ ✷✺✱ ✶✵✱ ✺ s✉r ❧❡ s♦❧✉té s❡✉❧✱ ❛✉❝✉♥❡✮✳ ▲❡s ✜❝❤✐❡rs ✉t✐❧✐sés ♣♦✉r ❧❛ ♠✐♥✐♠✐s❛t✐♦♥ s♦♥t
♣rés❡♥tés ♣❛❣❡ ✷✻✾✳
✹✳✷ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡
▲❡ ♣r♦t♦❝♦❧❡ ❞é❝r✐t ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✹✳✶✶ ❞ét❛✐❧❧❡ ❧❡s ét❛♣❡s ✉t✐❧✐sé❡s ❝❧❛ss✐q✉❡♠❡♥t
❛✉ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❞✬✉♥ ❆❉◆ ♣❧❛t✐♥é✳
■❧ ♣❡r♠❡t ❞✬❛♠❡♥❡r ✉♥ ❆❉◆ ♣❧❛t✐♥é ❞❡ ❞✐① ♣❛✐r❡s ❞❡ ❜❛s❡s ❡♥ ✻✼✱✺✵✸ ♣s à ✉♥❡
❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❞é♣❛rt ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
❯♥ s❝r✐♣t ❣❧♦❜❛❧ ♣❡r♠❡t ❞❡ ❧❛♥❝❡r t♦✉t❡s ❝❡s ét❛♣❡s à ❧❛ s✉✐t❡ ✭♣❛❣❡ ✷✼✷✮✳
✹✳✸ ❆♥❛❧②s❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
❉❡s ✈ér✐✜❝❛t✐♦♥s ♣ér✐♦❞✐q✉❡s ❞♦✐✈❡♥t êtr❡ ❡✛❡❝t✉é❡s ♣♦✉r s✬❛ss✉r❡r ❞✉ ❜♦♥ ❞ér♦✉✲
❧❡♠❡♥t ❞✉ ❝❛❧❝✉❧✱ ❡t ❞❡ ❧❛ ❥✉st❡ss❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡s ♦r❞✐✲
♥❛t❡✉rs ❡st ❞❡✈❡♥✉❡ t❡❧❧❡ q✉✬✐❧ s✬❛❣✐t s♦✉✈❡♥t ❞❡ ✈ér✐✜❡r ♣❧✉s✐❡✉rs ♥❛♥♦s❡❝♦♥❞❡s ❞✬✉♥❡
❥♦✉r♥é❡ s✉r ❧✬❛✉tr❡✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ✐❧ ❝♦♥✈✐❡♥t ❞✬✉t✐❧✐s❡r ❞❡s ♦✉t✐❧s ❞✬❛♥❛❧②s❡ s②sté✲
♠❛t✐q✉❡ ♣♦✉r ❛✈♦✐r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❣❧♦❜❛❧❡ ❞❡s ♣❛r❛♠ètr❡s ✐♠♣♦rt❛♥ts✳ ▲❛ ✜❣✉r❡ ✹✳✶
✶▲✬éq✉✐❧✐❜r❛t✐♦♥ ✾ ❡st str✐❝t❡♠❡♥t ✐❞❡♥t✐q✉❡ à ❧✬ét❛♣❡ ✽✱ ♠❛✐s ❡❧❧❡ ❛ été ❛❥♦✉té❡ à ❧✬♦r✐❣✐♥❡ ♣♦✉r ♣❡r✲
♠❡ttr❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ✈❡rs✐♦♥ ♠♦❞✐✜é❡ ❞✉ ♣r♦❣r❛♠❡ ❆▼❇❊❘ ✹✳✶ ✭❝♦rr✐❣é❡ ♣❛r ❧❡ ❞♦❝t❡✉r ▼❛tt❤❡✇
❨♦✉♥❣✱ ❛✜♥ ❞❡ ♣r❡♥❞r❡ ré❡❧❧❡♠❡♥t ❡♥ ❝♦♠♣t❡ ❧❛ ré✐♥✐t✐❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❝❡♥tr❡ ❞❡ ♠❛ss❡✮✳
❊❧❧❡ ❡st ❝♦♥s❡r✈é❡ ♣♦✉r ♣❡r♠❡ttr❡ ❞✬♦❜t❡♥✐r ✉♥ ♣♦✐♥t ❞❡ ❞é♣❛rt ❛②❛♥t r❡ç✉ ❧❡ ♠ê♠❡ tr❛✐t❡♠❡♥t✱ ♠❛✐s
❧❡s ♥♦✉✈❡❧❧❡s ✈❡rs✐♦♥s ✭à ♣❛rt✐r ❞✬❆▼❇❊❘ ✻✳✵✮ ♥❡ ♥é❝❡ss✐t❡♥t ♣❧✉s ❝❡ ♣♦✐♥t ♣❛rt✐❝✉❧✐❡r✳
✹✳✸✳ ❆◆❆▲❨❙❊ ❉❊ ▲❆ ❉❨◆❆▼■◗❯❊ ✷✷✸
❚❛❜✳ ✹✳✶ ✕ Pr♦t♦❝♦❧❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳
❊t❛♣❡ P❛s ❚❡♠♣s ✭♣s✮
❈♦♥❞✐t✐♦♥s
t❤❡r♠♦❞②♥❛♠✐q✉❡s
❚②♣❡ ❞❡ ❝♦✉♣❧❛❣❡ ❛✉
❜❛✐♥ t❤❡r♠♦st❛té
❈♦♥tr❛✐♥t❡s
✭❦❝❛❧✳♠♦❧−1✮
❆❉◆✲Pt ✴ ■♦♥s
❈❤❛✉✛❛❣❡ ✶ ✺✱✵ ◆❱❚✱ ✵❑ à ✶✺✵❑ ❢❛❝t❡✉r ❞✬é❝❤❡❧❧❡ ✷✺ ✴ ✷✺
✷ ✺✱✵ ◆❱❚ ✶✺✵❑ à ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✷✺ ✴ ✷✺
❊q✉✐❧✐❜r❛t✐♦♥ ✶ ✺✱✵ ◆❱❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✷✺ ✴ ✷✺
✷ ✷✱✺ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✷✺ ✴ ✷✺
✸ ✷✱✺ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✷✵ ✴ ✶✺
✹ ✷✱✺ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✶✺ ✴ ✶✵
✺ ✷✱✺ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✶✵ ✴ ✺
✻ ✷✱✺ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✺ ✴ ✷✱✺
✼ ✶✵✱✵ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥ ✷✱✺ ✴ ✲
❘❡❞✐st✳ ✈✐t❡ss❡s ✶ ✶ ❢s ✸✵✵❑ ❇❡r❡♥❞s❡♥
❊q✉✐❧✐❜r❛t✐♦♥ ✽ ✶✵✱✵ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥
✾ ✶✵✱✵ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥
❘❡❞✐st✳ ✈✐t❡ss❡s ✷ ✶ ❢s ✸✵✵❑ ❇❡r❡♥❞s❡♥
❊q✉✐❧✐❜r❛t✐♦♥ ✶✵ ✶✵✱✵ ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥
❘❡❞✐st✳ ✈✐t❡ss❡s ✸ ✶❢s ✸✵✵❑ ❇❡r❡♥❞s❡♥
Pr♦❞✉❝t✐♦♥ ① ♥s ◆P❚✱ ✸✵✵❑ ❇❡r❡♥❞s❡♥
♣rés❡♥t❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞✉ s②stè♠❡ s✐♠✉❧é ❡t ❞✬❛✉tr❡s ♣♦✐♥ts ❞❡ ❝♦♥trô❧❡
✭✈♦❧✉♠❡ ❞✉ s②stè♠❡✱ ♠❛r❣❡ ❞✬❡rr❡✉r ♣♦✉r ❧❡ ❝❛❧❝✉❧ P▼❊✮ ♣♦✉r ❧❡ ❝❤❛✉✛❛❣❡ ❡t ❧✬éq✉✐✲
❧✐❜r❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡✳ ▲❡s ❝r✐tèr❡s ❞é✜♥✐s ❧♦rs ❞✉ ❧❛♥❝❡♠❡♥t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ s♦♥t
❝♦♥s❡r✈és✱ q✉❡ ❝❡ s♦✐t ♣♦✉r ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ♦✉ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❡♥ s♦✉s✲♣❛rt✐❡s ✭♣♦✲
t❡♥t✐❡❧❧❡ ❡t ❝✐♥ét✐q✉❡✮✱ ❛♣rès ❧❛ ♣❤❛s❡ ✐♥✐t✐❛❧❡ ❞❡ ❝❤❛✉✛❛❣❡✳ ▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
❝♦♠♣❧èt❡ ❛✈❡❝ ❧❛ ♠ê♠❡ ♠ét❤♦❞♦❧♦❣✐❡ ❢♦✉r♥✐t ❧❡ ♠ê♠❡ rés✉❧t❛t✱ ♠❛✐s ❧❡s ❣r❛♣❤❡s s♦♥t
♠♦✐♥s ❧✐s✐❜❧❡s ❞✉ ❢❛✐t ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣♦✐♥ts✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❆❉◆✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❧❡ ♣r♦❣r❛♠♠❡ ❞❡ ré❢ér❡♥❝❡ ❈❯❘❱❊❙
❬✶✶✷✱ ✶✶✸❪✳ ❆✜♥ ❞✬❛✉t♦♠❛t✐s❡r ❧❛ ♣rés❡♥t❛t✐♦♥ ❣r❛♣❤✐q✉❡ ❞❡s ❞♦♥♥é❡s ❣râ❝❡ ❛✉ ❧♦❣✐✲
❝✐❡❧ ❳♠●r❛❝❡ ✭❤tt♣ ✿✴✴♣❧❛s♠❛✲❣❛t❡✳✇❡✐③♠❛♥♥✳❛❝✳✐❧✴●r❛❝❡✴✮✱ ❥✬❛✐ ❝réé ✉♥ ♣r♦❣r❛♠♠❡
❞✬❛♥❛❧②s❡ ❡t ❞❡ ❢♦r♠❛tt❛❣❡✱ ♣rés❡♥té ❡♥ ❆♥♥❡①❡✱ ♣❛❣❡ ✷✽✽✳
❊♥✜♥✱ ✐❧ s✬❛❣✐t ❛✉ss✐ ❞❡ ♣rés❡♥t❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✬✐♥térêt ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é
✭♣❛r ❡①❡♠♣❧❡ ♣♦✉r ✈ér✐✜❡r q✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐✲
♠❡♥t❛❧❡s✮✱ ❝♦♠♠❡ ✐❧❧✉stré ❡♥ ♣❛rt✐❡ ♣❛r ❧❛ ✜❣✉r❡ ✹✳✷ ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✱ ❝❢ ❝❤❛♣✐tr❡
■■✮✳
❈❡s ✈ér✐✜❝❛t✐♦♥s ét❛♥t ❢❛✐t❡s✱ ❞❡ ♥♦♠❜r❡✉s❡s ❛♥❛❧②s❡s ♣❛rt✐❝✉❧✐èr❡s ♣❡r♠❡ttr♦♥t ❞❡
❞é❝r✐r❡ ❛✉ ♠✐❡✉① ❧✬❛❝❝♦r❞ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t ♣❛r✲
❢♦✐s ❞❡ ♣r♦❞✉✐r❡ ✉♥ ♠♦❞è❧❡ ❞②♥❛♠✐q✉❡✳ ❈✬❡st ❧✬❛♥❛❧②s❡ ❡t ❧❛ ré✢❡①✐♦♥ q✉✐ s❡r♦♥t ❛❧♦rs
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DENSITY
-80000
-70000
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BOND
0
5000
10000
15000
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-80000
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-90000
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0
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100
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300
CONSTRAINT
0
50000
1e+05
1,5e+05
2e+05
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0
1e-052e-05
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5e-056e-05
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he_eq
❋✐❣✳ ✹✳✶ ✕ ❈♦♥trô❧❡ ❞✉ ❜♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♣r♦❣r❛♠♠❡
st❛♥❞❛r❞ ♣r♦❝❡ss❴♠❞♦✉t✳♣❡r❧ ❢♦✉r♥✐ ❞❛♥s ❆▼❇❊❘✳
✐♥❞✐s♣❡♥s❛❜❧❡s ♣♦✉r ❡①♣r✐♠❡r ❛✉ ♠✐❡✉① ❧✬✐♥❢♦r♠❛t✐♦♥ ♣rés❡♥t❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥✳
✹✳✸✳ ❆◆❆▲❨❙❊ ❉❊ ▲❆ ❉❨◆❆▼■◗❯❊ ✷✷✺
❋✐❣✳ ✹✳✷ ✕ P❛r❛♠ètr❡s ♣r✐♥❝✐♣❛✉① ✐ss✉s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❡ ❞❡
●❈❈●✯ ●✯●❚❈●❈✳ ▲❡s ♥♦♠s ❞✬❛t♦♠❡s s♦♥t ❝❡✉① ❞❡ ❧❛ ✜❣✉r❡ ✷✳✶✱ ♣❛❣❡ ✷✵✹✳ ❈✸ ❡t
●✻ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❜❛s❡s s✐t✉é❡s ❡♥ ✺✬ ❡t ❡♥ ✸✬ ❞❡ ❧✬❛❞❞✉✐t ♣❧❛t✐♥é✳ ❈✶✺ ❡st
❧❛ ❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ 3
′
G✱ ❈✶✻ ❡st ❧❛ ❝②t♦s✐♥❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ 5
′
G✳ ▲❡s
❝♦♠♣❛r❛✐s♦♥s ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s s♦♥t ♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✳ ▲❡s
tr❛❝és s♦♥t ♠♦②❡♥♥és s✉r ✶✵ ♣s ♣♦✉r ♣❧✉s ❞❡ ❝❧❛rté✳
✷✷✻ ❈❍❆P■❚❘❊ ✹✳ ■◆❚➱●❘❆❚■❖◆ ❉❆◆❙ ▲❊ ❈❍❆▼P ❉❊ ❋❖❘❈❊
❈❤❛♣✐tr❡ ✺
❈♦♥❝❧✉s✐♦♥
▲❡s ❝♦♠♣♦sés ❞❡ ♣❧❛t✐♥❡ ♥❡ s♦♥t ♣❛s ❞é✜♥✐s ❡♥ st❛♥❞❛r❞ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡
❞✬❆▼❇❊❘✳ ■❧ ❢❛✉t ❞♦♥❝ ❞é❝r✐r❡ ❡①♣❧✐❝✐t❡♠❡♥t ❧❡s ✐♥t❡r❛❝t✐♦♥s q✉✐ ré❣✐ss❡♥t ❧❡✉r ❝♦♠✲
♣♦rt❡♠❡♥t✳ ❉❡ ♣❧✉s✱ ❧❛ ❣é♦♠étr✐❡ ♣❧❛♥✲❝❛rré ❞✉ ❝✐s♣❧❛t✐♥❡ ✐♠♣♦s❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛♥❣❧❡s
✐♠♣r♦♣r❡s ♣♦✉r ♠❛✐♥t❡♥✐r ♣❧❛♥ ❧✬❡♥s❡♠❜❧❡✳
▲❡s tr❛✈❛✉① ❡✛❡❝t✉és ❛✉ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ✐♥té❣r❡r ❧❡ ❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡
❢♦r❝❡ ♦♥t été ♣rés❡♥tés✳ ❈❡tt❡ ♣❛r❛♠étr✐s❛t✐♦♥ ❛ ♣❡r♠✐s ❞❡ ré♣♦♥❞r❡ ❛✉① q✉❡st✐♦♥s s♦✉❧❡✲
✈é❡s ♣❛r ❧✬❛♥❛❧②s❡ ❡♥ s♣❡❝tr♦s❝♦♣✐❡ ❘▼◆ ❞❡ ❧✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡ 5
′
GCCG∗G∗GTCGC3′−5′
GCGACCCGGC3
′
✱ t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❝❤✐✲
♠✐q✉❡s ❍✷✬ ❞❡ ❈✸ ❡t ❈✶✻✳
❈❡♣❡♥❞❛♥t ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❛ ✈♦❧♦♥t❛✐r❡♠❡♥t ❡①❝❧✉ ❧✬✐♥❝♦r♣♦r❛t✐♦♥
❞✉ s✉❝r❡ ❡t ❞✉ ♣❤♦s♣❤❛t❡ ❞❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s✳ ❊♥ ❡✛❡t ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❝♦♠♣♦sés
♣❧❛t✐♥és s✉r ❝❡s rés✐❞✉s ❛tt❛❝❤és ❛✉① ❣✉❛♥✐♥❡s ét❛✐t s✉♣♣♦sé❡ ❧✐♠✐té❡✳ ▲❡s tr❛✈❛✉① ❞❡
P❧❛✈❡❝ ❡t ❞❡ s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❬✶✺✶❪ ♦♥t ✐♥❞✐q✉é q✉❡ ❝❡tt❡ ✐♥✢✉❡♥❝❡ ♣♦✉✈❛✐t s✬ét❡♥❞r❡
❥✉sq✉✬à ❧✬♦①②❣è♥❡ ❖✸✬ ❡♥ ✐♥❞✉✐s❛♥t ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ◆ ❞✉ s✉❝r❡
❛✐♥s✐ q✉❡ ❞❡ ❧✬ét❛t tr❛♥s ♣♦✉r ǫ✱ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ ✉♥❡ ❝♦♥❢♦r♠❛t✐♦♥ ❇■✳
❉❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡♥ ♣❛r❛❧❧è❧❡ ❞❡ ❝❡s tr❛✈❛✉① ♦♥t ♠✐s ❡♥
é✈✐❞❡♥❝❡ ❧❡s ❢❛✐❜❧❡ss❡s ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s s✉❝r❡s ♣❧❛t✐♥és ❡t
❧❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ♣♦✉r ǫ✳ ❉❡✉① ❝♦♠♣❧❡①❡s ❞❡ ♣❧❛t✐♥❡ ✐♥❞✉✐s❛♥t ❞❡s ❞é❢♦r♠❛t✐♦♥s
str✉❝t✉r❛❧❡s ❞✐✛ér❡♥t❡s ♦♥t été ✉t✐❧✐sés ♣♦✉r ❧❛ r❡♣❛r❛♠étr✐s❛t✐♦♥✳ ▲❡ ❝✐s♣❧❛t✐♥❡ ❝♦✉r❜❡
❧✬❆❉◆ ❡t ❧✉✐ ✐♠♣♦s❡ ✉♥ ❛♥❣❧❡ ❞❡ ❝♦✉❞❡ ❞❡ ✻✵✝✱ ❧❡ ♣②r❛③♦❧❛t♦✲❜✐s♣❧❛t✐♥❡ q✉❛♥❞ à ❧✉✐
❝♦✉r❜❡ ♣❡✉ ❧✬❆❉◆ ♠❛✐s ✐♠♣♦s❡ ✉♥❡ ❞✐st❛♥❝❡ ✜①❡ ❡♥tr❡ ❧❡s ❛t♦♠❡s N7 ❞❡s ❞❡✉① ❜❛s❡s
♣♦♥té❡s✳ ▲❛ ❝♦♠♣❧é♠❡♥t❛r✐té ❞❡ ❝❡s ❞é❢♦r♠❛t✐♦♥s str✉❝t✉r❛❧❡s ❛ ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ♣❛r
s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❧❡s t❡r♠❡s ♠♦❞✐✜és ❡t✴♦✉ ❛❥♦✉tés ♣♦✉r r❡♥❞r❡
❝♦♠♣t❡ ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ s✉r ❧❡s s✉❝r❡s ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ ♣❤♦♣❤❛t❡✳
▲❡s rés✉❧t❛ts ❛✐♥s✐ ♦❜t❡♥✉s s♦♥t ✿
✯ ♣♦✉r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ t♦rs✐♦♥ ❞✉ s✉❝r❡✱ ❧✬❛♥❣❧❡ ❖❙✲❈P✲❈P✲❖❙ ❡st ❛❧téré ❛✈❡❝
PKOCCO ❂ ✵✱✼✺ ❦❝❛❧✳♠♦❧✲✶ ♣♦✉r ❧❡ s✉❝r❡ ❞❡ ❧❛ ❜❛s❡ ♣❧❛t✐♥é❡ ❀
✷✷✼
✷✷✽ ❈❍❆P■❚❘❊ ✺✳ ❈❖◆❈▲❯❙■❖◆
✯ ♣♦✉r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧✬❛♥❣❧❡ ❈❙✲❈P✲❖❙✲P✱ ❧❡ ♥♦✉✈❡❛✉ t❡r♠❡ ❞❡ t♦rs✐♦♥ ❈P✲❈P✲❖❙✲
P ❡st ❝réé ❛✈❡❝ ♣♦✉r ✈❛❧❡✉r PKCCOP = ✶✱✵✵ ❦❝❛❧✳♠♦❧✲✶ ♣♦✉r ❧❡ sq✉❡❧❡tt❡ ♣❤♦s♣❤♦❞✐❡st❡r
❞❡ ❧❛ ❜❛s❡ ♣❧❛t✐♥é❡✳
▲✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡s ❞❡✉① t❡r♠❡s ❛✐♥s✐ q✉❡ ❧❡✉r ét❛❧♦♥♥❛❣❡ ❛ ♣❡r♠✐s ❞❡ ♠✐❡✉①
r❡♥❞r❡ ❝♦♠♣t❡ ❡♥❝♦r❡ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❝♦♠♠❡ ♣ré❝✐sé ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ■■✳
▲✬❡♥s❡♠❜❧❡ ❞✉ ♥✉❝❧é♦t✐❞❡ ❡st ♠❛✐♥t❡♥❛♥t ❝❛r❛❝tér✐sé ❡t ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s
❡✛❡❝t✉é❡s ❡st é✈❛❧✉é❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ s✐♠✉❧❛t✐♦♥ ♣❧✉s ❧♦♥❣✉❡s ✭✺✯✷✵ ♥s✮ q✉✐ ❢❡r♦♥t
❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥✳
❙✐①✐è♠❡ ♣❛rt✐❡
❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡
✷✷✾

✷✸✶
▲❡ ❝✐s♣❧❛t✐♥❡ ❛ ❞❡♣✉✐s s❛ ❞é❝♦✉✈❡rt❡ été ét✉❞✐é ❡♥ ✉t✐❧✐s❛♥t t♦✉t❡s ❧❡s t❡❝❤♥✐q✉❡s
❞✐s♣♦♥✐❜❧❡s ❡♥ r❡❝❤❡r❝❤❡ ❡①♣ér✐♠❡♥t❛❧❡✳ ▲❡s t❡sts ❝❤✐♠✐q✉❡s✱ ♣❤❛r♠❛❝♦❧♦❣✐q✉❡s✱ ❜✐♦❝❤✐✲
♠✐q✉❡s ❡t ❜✐♦❧♦❣✐q✉❡s ♦♥t ♣❡r♠✐s ❞❡ ❞é❝♦✉✈r✐r ❧❡s ét❛♣❡s ❝❧és ❞❡ s♦♥ ❡✣❝❛❝✐té t❤ér❛♣❡✉✲
t✐q✉❡✳ ▲❡s ét✉❞❡s str✉❝t✉r❛❧❡s ❞❡ ❘▼◆ ❡t ❞❡ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ♦♥t s❡r✈✐ à ❝❛r❛❝tér✐s❡r ❧❡s
str✉❝t✉r❡s ❢♦r♠é❡s ❛✉ ♥✐✈❡❛✉ ♠♦❧é❝✉❧❛✐r❡✳ ❉❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞❡ ❝❡s tr❛✈❛✉①✱ ♥♦✉s ♥♦✉s
s♦♠♠❡s ❛tt❛❝❤és à ❞é❝r✐r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛❞❞✉✐t ❆❉◆✲❝✐s♣❧❛t✐♥❡✳
▲✬é✈♦❧✉t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡✱ ♠❛tér✐❡❧❧❡ ❡t ❧♦❣✐❝✐❡❧❧❡✱ ♣❡r♠❡t ❡♥ ❡✛❡t ❞✬❛❝❝é❞❡r à ❞❡s
t❡♠♣s ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ❞✐③❛✐♥❡ ❞❡ ♥❛♥♦s❡❝♦♥❞❡s✳ ■❧ ❞❡✈✐❡♥t ♣♦ss✐❜❧❡ ❞✬✉t✐✲
❧✐s❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❝♦♠♠❡ ✉♥ ♦✉t✐❧ ♣♦✉r ❝❛r❛❝tér✐s❡r ❧❡s
é✈♦❧✉t✐♦♥s ❝♦♥❢♦r♠❛t✐♦♥♥❡❧❧❡s à ♣❡t✐t❡ é❝❤❡❧❧❡✳ ▲❡s ♠♦✉✈❡♠❡♥ts ♦❜s❡r✈❛❜❧❡s ❞✉r❛♥t ❝❡t
✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s s❡ ❝❛♥t♦♥♥❡♥t à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❧♦❝❛❧❡s✱ ♣♦✉r ❧✬❆❉◆ ✐❧ s✬❛❣✐t
❞❡ ✈❛r✐❛t✐♦♥s ❞❛♥s ❧❡ sq✉❡❧❡tt❡ ✭éq✉✐❧✐❜r❡s ❇■⇋❇■■✱ ◆⇋❙✮ ❡t ❡♥tr❡ ❧❡s ♣❛✐r❡s ❞❡ ❜❛s❡
✭❞és❡♠♣✐❧❡♠❡♥t✱ r♦✉❧✐s✱ ✳✳✳✮✱ ♣♦✉r ❧❡s ♣r♦té✐♥❡s✱ ✐❧ s✬❛❣✐t ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡s ❝❤❛✐♥❡s
❧❛tér❛❧❡s✳
❖❜s❡r✈❡r ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❡s ♠♦✉✈❡♠❡♥ts ❞✬❛♠♣❧✐t✉❞❡ s✐ ❢❛✐❜❧❡ ❡st ❝♦♠♣❧❡①❡ ✿
❧❡ ❝r✐st❛❧ ♥❡ ♣rés❡♥t❡ q✉✬✉♥❡ ✈✉❡ ✭♦✉ ❞❡✉①✮ ❞❡ ❧❛ str✉❝t✉r❡ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✱ ❧❛ ❘▼◆
♠❛♥q✉❡ ❞❡ ♣ré❝✐s✐♦♥s s✉r ❧❡s ❛❝✐❞❡s ♥✉❝❧é✐q✉❡s ❝♦♠♣t❡✲t❡♥✉ ❞❡s ❞✐st❛♥❝❡s ✐♠♣♦rt❛♥t❡s
q✉✐ sé♣❛r❡♥t ❧❡s ♣r♦t♦♥s ❡t ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ s♣✐♥✳
P♦✉r ❛♠é❧✐♦r❡r ❧❡s ♣❡rs♣❡❝t✐✈❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❇■⇋❇■■✱ ♦❜s❡r✈é❡
❡♥ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣❛r ❧❡ ❉r✳ ❊❧✐③♦♥❞♦✲❘✐♦❥❛s✱ ♥♦✉s ❛✈♦♥s ♠✐s ❛✉ ♣♦✐♥t ✉♥❡
♠ét❤♦❞❡ ♣❧✉s r♦❜✉st❡ q✉❡ ❧❡s t❡❝❤♥✐q✉❡s ❛❝t✉❡❧❧❡s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❝♦♥❢♦r♠❛t✐♦♥
❞✉ ♣❤♦s♣❤❛t❡✳ ❊♥ ♥♦✉s ❜❛s❛♥t s✉r ❧❡s ❞✐st❛♥❝❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s s♦✉s✲♣♦♣✉❧❛t✐♦♥s
❇■ ❡t ❇■■✱ ♦❜t❡♥✉❡s à ♣❛rt✐r ❞❡ ♠♦❞è❧❡s ♠✐♥✐♠✐sés ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡t ❞❡
❝r✐st❛❧❧♦❣r❛♣❤✐❡✱ ♥♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é q✉❡ q✉❛tr❡ ❞✐st❛♥❝❡s ♣❡r♠❡tt❛✐❡♥t ❞❡ ❞✐s❝r✐♠✐♥❡r
♣ré❝✐sé♠❡♥t ❧❡s ❞❡✉① s♦✉s✲ét❛ts✳ P♦✉r ✜❛❜✐❧✐s❡r ❧❛ ♣ré❞✐❝t✐♦♥ ❞❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❇■■✱
♥♦✉s ❛✈♦♥s ❝♦♠❜✐♥é tr♦✐s ❞❡ ❝❡s ❞✐st❛♥❝❡s ❡♥ ♣r♦❥❡t❛♥t ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❍✷✑ ✭♥✮✲
❍✻✴❍✽ ✭♥✮ ❡t ❍✷✑ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮ ❝♦♥tr❡ ❍✶✬ ✭♥✮✲❍✻✴❍✽ ✭♥✰✶✮✳ ▲❡ ❣r❛♣❤❡ rés✉❧t❛♥t
❞❡ ❝❡tt❡ ♣r♦❥❡❝t✐♦♥ ♣❡r♠❡t ❞❡ ❝❛r❛❝tér✐s❡r ✉♥ ét❛t ❇■■ ❛✈❡❝ ✉♥❡ ♠❛r❣❡ ❞✬❡rr❡✉r ❞❡ ✷✵✪✳
❯♥❡ ❢♦✐s ❝❡tt❡ ♠ét❤♦❞❡ ✈❛❧✐❞é❡ ♣❛r ✉♥❡ sér✐❡ ❞✬❡①♣ér✐❡♥❝❡s ❘▼◆ ❝❛r❛❝tér✐st✐q✉❡s✱ ❡❧❧❡
♣♦✉rr❛ êtr❡ ✐♥❝♦r♣♦ré❡ ❞❛♥s ❧❡s ❧♦❣✐❝✐❡❧s ❞❡ r❛✣♥❡♠❡♥t ❘▼◆✳
▲❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■ ❡♥ ✸✬ ❞❡s ❣✉❛♥✐♥❡s ♣❧❛t✐♥é❡s ❛②❛♥t été ♦❜s❡r✈é❡ ❡♥ s✐♠✉❧❛✲
t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✱ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❝❡tt❡ ❝♦♥❢♦r♠❛t✐♦♥ ét❛✐t
♥é❝❡ss❛✐r❡✳ ❏✬❛✐ ❞♦♥❝ ♣❧❛t✐♥é ❧❛ séq✉❡♥❝❡ ●❈❈●●●❚❈●❈ ♣✉✐s ✐s♦❧é ❡t ♣✉r✐✜é ❧❡s ❞✐❢✲
❢ér❡♥ts ❛❞❞✉✐ts✳ ▲❡s ❞❡✉① ❛❞❞✉✐ts ♠❛❥♦r✐t❛✐r❡s ●✯●✯● ❡t ●●✯●✯ ét❛✐❡♥t ❧❡s ♣r❡♠✐❡rs
❛❞❞✉✐ts ét✉❞✐és ❝♦♠♣♦rt❛♥t ✉♥❡ ❣✉❛♥✐♥❡ r❡s♣❡❝t✐✈❡♠❡♥t ❡♥ ✸✬ ❡t ❡♥ ✺✬ ❞✉ s✐t❡ ❞❡ ♣❧❛t✐✲
♥❛t✐♦♥✳ P♦✉r ❧✬❛♥❛❧②s❡ ❡♥ ❘▼◆✱ s❡✉❧ ❧✬❛❞❞✉✐t ●✯●✯● ❛ ♣✉ êtr❡ ét✉❞✐é✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛
tr♦♣ ❢❛✐❜❧❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ●●✯●✯✳ ▲✬❛♥❛❧②s❡ ❘▼◆✱ ❡✛❡❝t✉é❡ ❡♥ ❝♦❧❧❛❜♦r❛✲
t✐♦♥ ❛✈❡❝ ❚✳ ❙❦❛✉❣❡ ❞❡ ❧✬éq✉✐♣❡ ❞✉ Pr✳ ❙❧❡tt❡♥✱ ❛ ♣❡r♠✐s ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s s✉❝r❡s✱ ❧❡s
✷✸✷
♣❤♦s♣❤❛t❡s ❡t ❧❡s ❞✐st❛♥❝❡s ✐♥tr❛ ❡t ✐♥t❡r♥✉❝❧é♦t✐❞✐q✉❡s✳ ❈❡s rés✉❧t❛ts ♦♥t été ❝♦✉♣❧és à
✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♠❛✐s ❧❛ ♣♦♣✉❧❛t✐♦♥ ❇■■ ♦❜s❡r✈é❡ ♣❛r ❧❡ ❉r✳
❊❧✐③♦♥❞♦✲❘✐♦❥❛s ♥✬❛ ♣❛s été r❡tr♦✉✈é❡✳ ❈❡ tr❛✈❛✐❧ ❛ ❝❡♣❡♥❞❛♥t ♣❡r♠✐s ❧❛ ❞ét❡❝t✐♦♥ ❞❡
❢❛✐❜❧❡ss❡s ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❝♦♠♣♦sés ♣❧❛t✐♥és ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽ ❞❡
❧❛ s✉✐t❡ ❆▼❇❊❘✳ ❉❡♣✉✐s✱ ❝❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❛ ❧✉✐✲♠ê♠❡ été ❝♦rr✐❣é ♣♦✉r ❛♠é❧✐♦r❡r
❧❡s ♣r♦♣♦rt✐♦♥s ❞❡s ❝♦♥❢♦r♠❛t✐♦♥s ◆ ❡t ❙✱ ❡♥ ❞é♣❧❛ç❛♥t ❧✬éq✉✐❧✐❜r❡ ✈❡rs ◆✱ ❝❡ q✉✐ ❡st
❞é❢❛✈♦r❛❜❧❡ à ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❇■■✳
▲✬ét✉❞❡ ❡①♣ér✐♠❡♥t❛❧❡ ❛ ❞❡ ♣❧✉s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧❛ ♠✐❣r❛t✐♦♥ ❞✉ ♣❧❛t✐♥❡ ❞❡ ❧✬❛❞❞✉✐t
●✯●✯● ✈❡rs ❧✬❛❞❞✉✐t ●●✯●✯✳ ❯♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ré❛rr❛♥❣❡♠❡♥t
❛ été ♣rés❡♥té❡✳ ▲✬ét✉❞❡ ❝✐♥ét✐q✉❡ s♣é❝✐✜q✉❡ ❡✛❡❝t✉é❡ ♣❛r ❑✳ ❈❤✈❛❧♦✈❛ ❡st ❡♥ ❝♦✉rs ❡t
♣❡r♠❡ttr❛ ❞❡ ❝❛r❛❝tér✐s❡r ♣ré❝✐sé♠❡♥t ❧❡s ✈✐t❡ss❡s ❞❡ ré❛rr❛♥❣❡♠❡♥t✳ ❈❡tt❡ ét✉❞❡ ❞❡✈r❛
♣❡r♠❡ttr❡ ❞❡ ♣ré❝✐s❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ré❛rr❛♥❣❡♠❡♥t✳ ❚♦✉t❡❢♦✐s ❧❡s ♦❜s❡r✈❛t✐♦♥s ❘▼◆
s✉❣❣èr❡♥t q✉❡ ❧❛ ❧✐❛✐s♦♥ s❡ r♦♠♣ ❡♥tr❡ ❧❡ ♣❧❛t✐♥❡ ❡t ❧❛ ❣✉❛♥✐♥❡ ✺✬ ♣♦✉r s❡ r❡❢♦r♠❡r ❛✈❡❝
❧❛ tr♦✐s✐è♠❡ ❣✉❛♥✐♥❡ ✿ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❝❤✐♠✐q✉❡ s✉r G5 : H8 ✈❛r✐❡ ♣❡✉ ❛✉ ❝♦✉rs ❞✉
t❡♠♣s✳ ❈❡tt❡ ét✉❞❡ ❛ ❞♦♥❝ ♣❡r♠✐s ❞❡ ♣ré❝✐s❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✬✉♥ ❛❞❞✉✐t ♣❧❛t✐♥é s✉r
❧❛ séq✉❡♥❝❡ ●✯●✯●✱ ❞✬❡①♣❧♦r❡r ❧❡s ♣♦ss✐❜✐❧✐tés ❞❡ ♠✐❣r❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ❡t ❞✬❛♠é❧✐♦r❡r
❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ❝✐s♣❧❛t✐♥❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽✳
▲✬❛❝t✐♦♥ ❛♥t✐✲t✉♠♦r❛❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡ rés✐❞❡ ❞❛♥s ❧❛ ❝❛♣❛❝✐té ❞✉ ❞♦♠♠❛❣❡ à r❡❝r✉t❡r
❧❡s ♣r♦té✐♥❡s ❝❡❧❧✉❧❛✐r❡s ❞❡ ré♣❛r❛t✐♦♥ ❡t ❧❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥✳ P♦✉r ❞é❝r✐r❡
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❆❉◆✲♣❧❛t✐♥é✴♣r♦té✐♥❡✱ ♥♦✉s ❛✈♦♥s
t♦✉t ❞✬❛❜♦r❞ ét✉❞✐é ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ s♣é❝✐✜q✉❡ ❡♥tr❡ ❧❡ ❢❛❝t❡✉r ❞❡
tr❛♥s❝r✐♣t✐♦♥ ▲❊❋✲■ ✭▲②♠♣❤♦ï❞ ❊♥❤❛♥❝❡❞✲❜✐♥❞✐♥❣ ❋❛❝t♦r ✲ ■✮ ❛♣♣❛rt❡♥❛♥t à ❧❛ ❢❛♠✐❧❧❡
❞❡s ❍▼● ♣r♦té✐♥❡s ✭❍✐❣❤ ▼♦❜✐❧✐t② ●r♦✉♣✮✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❛ ré✈é❧é ❧❡ rô❧❡ ❞✬✐♥t❡r❛❝t✐♦♥s
é❧❡❝tr♦st❛t✐q✉❡s ❡♥tr❡ ❧❡ sq✉❡❧❡tt❡ ❞❡ ❧✬❆❉◆ ❡t ❝❡rt❛✐♥s rés✐❞✉s ❞❡ ❧❛ ♣r♦té✐♥❡✳ ❉❡s
❝♦♥t❛❝ts s♣é❝✐✜q✉❡s ❞❡ séq✉❡♥❝❡ ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ séq✉❡♥❝❡✲
s♣é❝✐✜q✉❡ ❞❡ ❧❛ ▲❊❋✲■ ♣♦✉r s❛ séq✉❡♥❝❡ ❝✐❜❧❡✳ ❉✉r❛♥t ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡
♠♦❧é❝✉❧❛✐r❡✱ ❧❛ ✢❡①✐❜✐❧✐té ❞❡ ❧❛ ♠ét❤✐♦♥✐♥❡ q✉✐ s✬✐♥t❡r❝❛❧❡ ❡♥tr❡ ❧❡s ❛❞é♥✐♥❡s ❞és❡♠♣✐❧é❡s
❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❆❉◆✴♣r♦té✐♥❡ ❛ ❝réé ✉♥❡ ♣♦❝❤❡ ❤②❞r♦♣❤✐❧❡ q✉✐ ❡st r❡♠♣❧✐❡ ♣❛r ✉♥❡✱
♣✉✐s ❞❡✉①✱ ♣✉✐s ✉♥❡ ♠♦❧é❝✉❧❡ ❞✬❡❛✉✳ ▲❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❝❛❧❛t✐♦♥ ♣❛r ❝❡tt❡ ♠♦❧é❝✉❧❡
❞✬❡❛✉ s❡♠❜❧❡ êtr❡ ✉♥❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬❛✣♥✐té ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡✳
❈❡tt❡ ♣r❡♠✐èr❡ s✐♠✉❧❛t✐♦♥ ❛✉r❛✐t ❞û êtr❡ ❝♦♠♣❧été❡ ♣❛r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ♣r♦✲
té✐♥❡ ❛✈❡❝ ❧❛ séq✉❡♥❝❡ ♣❧❛t✐♥é❡ ♠❛✐s ❝❡tt❡ s✐♠✉❧❛t✐♦♥ ♥✬❛ ♣✉ êtr❡ ré❛❧✐sé❡✳ ❈❡♣❡♥❞❛♥t✱
❧❡s ét✉❞❡s ❞✬❛✣♥✐té s✉r ❣❡❧ ❡✛❡❝t✉é❡s ♣❛r ❧❡ ❉r✳ ❉r✉♠♠ ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❧✬❤②✲
♣♦t❤ès❡ q✉❡ ❧❡ r❡♠♣❧❛❝❡♠❡♥t ❞❡ ❧❛ séq✉❡♥❝❡ ❆❆ ♦ù ✈✐❡♥t s✬✐♥t❡r❝❛❧❡r ❧❛ ♠ét❤✐♦♥✐♥❡
♣❛r ●✯●✯ ❝♦♥s❡r✈❛✐t ❧✬❛✣♥✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ♣♦✉r ❧❛ séq✉❡♥❝❡ ♣❧❛t✐♥é❡✳ ❈❡s rés✉❧t❛ts
❡①♣ér✐♠❡♥t❛✉① s✉❣❣èr❡♥t q✉❡ ❧❡ ♠♦❞❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ♥✬❡st ♣❛s ❛❧téré ❡t ♣♦✉rr❛✐t
❝♦rr❡s♣♦♥❞r❡ ❛✉ ❝♦♠♣♦rt❡♠❡♥t ♦❜s❡r✈é ❡♥ s✐♠❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣♦✉r ❧❛
séq✉❡♥❝❡ ♥❛t✐✈❡✳
✷✸✸
▲❛ str✉❝t✉r❡ ❞✬✉♥ ❆❉◆ ❝♦✉r❜é ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ ❡t ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ♣❧❛✉s✐❜❧❡ ♣❛r
✉♥❡ ♣r♦té✐♥❡ ❞❡ t②♣❡ ❍▼● ♦♥t ♣❡r♠✐s ❞❡ ❞♦♥♥❡r ❧❡s ♣r❡♠✐èr❡s ♣✐st❡s ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥
♠♦❧é❝✉❧❛✐r❡ ❞❡s ♠é❝❛♥✐s♠❡s ✐♥✐t✐❛♥t ❧❛ ❝❛s❝❛❞❡ ❞❡ ré❛❝t✐♦♥s ❝❡❧❧✉❧❛✐r❡s✱ r❡s♣♦♥s❛❜❧❡ ❞❡
❧✬❡✛❡t ❛♥t✐ t✉♠♦r❛❧✳
▲❡ s♣❡❝tr❡ ❞✬❛❝t✐✈✐té ❢♦rt❡ ❞✉ ❝✐s♣❧❛t✐♥❡ ét❛♥t r❡str❡✐♥t✱ ❧❡ ♣②r❛③♦❧❛t❡ ❜✐s♣❧❛t✐♥❡ ❛ été
❝♦♥ç✉ ❞❡ ♥♦✈♦ ❡t s②♥t❤ét✐sé ♣❛r ❧✬éq✉✐♣❡ ❞✉ ♣r♦❢❡ss❡✉r ❘❡❡❞✐❥❦ ♣♦✉r ✐♠♣♦s❡r ❝♦♠♠❡ ❧❡
❝✐s♣❧❛t✐♥❡ ✉♥❡ ❣é♦♠étr✐❡ ❞ét❡r♠✐♥é❡✳ ▲❛ ❞é❢♦r♠❛t✐♦♥ ♣rés✉♠é❡ ❞❡ ❝❡ ❝♦♠♣❧❡①❡ ét❛✐t ❛
♣r✐♦r✐ ♠♦✐♥s ✐♠♣♦rt❛♥t❡ q✉❡ ❝❡❧❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡✳ ▲❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❧✬❛♥❛❧②s❡ ❘▼◆ ❡t
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛ ✈❛❧✐❞é ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❞é❢♦r♠❛t✐♦♥ ❞✐❢✲
❢ér❡♥t❡ ✿ ❧❡ ❝♦✉❞❡ ♣r♦♥♦♥❝é ✐♥❞✉✐t ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ s✉r s♦♥ ❆❉◆ ❝✐❜❧❡ ❡st é❧✐♠✐♥é✱ ♠❛✐s
❧❡ ❞ér♦✉❧❡♠❡♥t ❧♦❝❛❧ ❞✬❡♥✈✐r♦♥ ✶✵✝❡st ❝♦♥s❡r✈é✳ ▲✬❛❝t✐✈✐té ❝②t♦t♦①✐q✉❡ ❞✉ ♣②r❛③♦❧❛t♦✲
❜✐s♣❧❛t✐♥❡ ❡t ❧✬❛♥❛❧②s❡ ❡①♣ér✐♠❡♥t❛❧❡ ✐♥❞✐q✉❛♥t ✉♥❡ ❞é❢♦r♠❛t✐♦♥ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞✉
❝✐s♣❧❛t✐♥❡ s✉❣❣èr❡♥t q✉❡ ❧❛ ✈♦✐❡ ♠ét❛❜♦❧✐q✉❡ ✉t✐❧✐sé❡ ♣❛r ❧❡ ♣②r❛③♦❧❛t❡ ❜✐s♣❧❛t✐♥❡ ❡st
❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞✉ ❝✐s♣❧❛t✐♥❡✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬❡♥✈✐s❛❣❡r ✉♥ s♣❡❝tr❡ ❞✬❛❝t✐✈✐té t❤ér❛✲
♣❡✉t✐q✉❡ ❞✐✛ér❡♥t✳
▲❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❡t ❞✬❛♠é❧✐♦r❡r ❧❛ r❡♣rés❡♥t❛t✐♦♥
❞❡s ❝♦♠♣♦sés ♣❧❛t✐♥és ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ♣❛r♠ ✾✽✳ ❈❡ tr❛✈❛✐❧ ❡st ♣♦✉rs✉✐✈✐ ♣❛r ❧❡
❉r✳ ❉✳ ❉❥✉r❛♥♦✈✐❝✳
▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s tr❛✈❛✉① ❛ ♣❡r♠✐s ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
❞❡s ❛❞❞✉✐ts ♣❧❛t✐♥és ❡t ❞❡s ♠♦❞❡s ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ♣❧❛✉s✐❜❧❡s ❡♥tr❡ ❧❛ ❞é❢♦r♠❛t✐♦♥
❡♥❣❡♥❞ré❡ ❡t ❧❛ ♣r♦té✐♥❡ q✉✐ ✈✐❡♥t s✬② ✜①❡r✳
❯♥❡ ♠❡✐❧❧❡✉r❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❝♦♠♣♦sés ♣❧❛t✐♥és ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ❞❡ ❧❛ s✉✐t❡
❧♦❣✐❝✐❡❧❧❡ ❆▼❇❊❘ ❡st ❞és♦r♠❛✐s ❞✐s♣♦♥✐❜❧❡ ✭❡t ♣rés❡♥té❡ ❡♥ ❞ét❛✐❧ ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t✮✳
❈❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ♥✬❡st ❝❡♣❡♥❞❛♥t ♣❛s s✉✣s❛♥t ♣♦✉r ❡①♣❧✐q✉❡r ❧❡ tr♦♣✐s♠❡ ❞✉
❝✐s♣❧❛t✐♥❡ ❡t s♦♥ ❡✣❝❛❝✐té s✐ ✐♠♣♦rt❛♥t❡ s✉r ❝❡rt❛✐♥s t②♣❡s ❞❡ ❝❛♥❝❡rs✳ ◆♦♠❜r❡ ❞❡s
❝❛♥❝❡rs ❝✐❜❧és ♣❛r ❧❡ ❝✐s♣❧❛t✐♥❡ s♦♥t s✐t✉és ❞❛♥s ❧❡s ✈♦✐❡s ❡①♣♦sé❡s ❞✉ ❝♦r♣s ❤✉♠❛✐♥ ✿
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❙❡❧♦♥ ❘♦s❡♥❜❡r❣✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❧✬❡✣❝❛❝✐té ❞✉ ❝✐s♣❧❛t✐♥❡ ✈✐❡♥♥❡ ❞❡ ❧❛ ❞éré♣r❡ss✐♦♥
❞❡ ♣r♦té✐♥❡s ré❣✉❧❛tr✐❝❡s✱ ❝❡ q✉✐ ❡♥tr❛✐♥❡r❛✐t ✉♥❡ ré❛❝t✐♦♥ ✐♠♠✉♥✐t❛✐r❡✳ ▲✬♦r✐❣✐♥❡ ✭❡t
❧❛ ✈❛❧✐❞✐té✮ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ✐♠♠✉♥✐t❛✐r❡ ♥✬❡st ♣❛s ♥♦♥ ♣❧✉s é❧✉❝✐❞é❡ ♠❛✐s ♣♦✉rr❛✐t
♣r♦✈❡♥✐r ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ✈✐r✉s ❡♥❞♦❣è♥❡s ✭♣rés❡♥ts s♦✉s ❢♦r♠❡ ❞❡ ♣r♦t♦✲♦♥❝♦❣è♥❡s
❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✮✱ ❡♥ ♣❛rt✐❝✉❧✐❡rs ❞✬❛❞é♥♦✈✐r✉s✳ ❆✉ ♠♦♠❡♥t ❞❡ ❧❛ ré❞❛❝t✐♦♥ ❞❡
❝❡ ♠❛♥✉s❝r✐t✱ ❧❛ str✉❝t✉r❡ ❡t ❧❛ séq✉❡♥❝❡ ❞❡ ♥♦♠❜r❡✉s❡s ♣r♦té✐♥❡s ✈✐r❛❧❡s ❡st ❡♥❝♦r❡
♠❛♥q✉❛♥t❡✱ ✐❧ ♥✬❡st ❞♦♥❝ ♣❛s ❡♥❝♦r❡ ♣♦ss✐❜❧❡ ❞❡ ✈❛❧✐❞❡r✴✐♥✜r♠❡r ❝❡tt❡ ❤②♣♦t❤ès❡✳
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❬✸❪ ❆❧t♦♥❛ ❈✳ ❛♥❞ ❙✉♥❞❛r❛❧✐♥❣❛♠ ▼✳ ❈♦♥❢♦r♠❛t✐♦♥❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ s✉❣❛r r✐♥❣ ✐♥ ♥✉✲
❝❧❡♦s✐❞❡s ❛♥❞ ♥✉❝❧❡♦t✐❞❡s✳ ❛ ♥❡✇ ❞❡s❝r✐♣t✐♦♥ ✉s✐♥❣ t❤❡ ❝♦♥❝❡♣t ♦❢ ♣s❡✉❞♦r♦t❛t✐♦♥✳
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✲① ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬ ❭
✲r ✩✶✴✩✷✳rst❴❡✐✩✐
❭❝♣ ✩✶✴✩✷✳rst❴❡✐✩✐ ✩✶✴✩✷✳rst
❭♠✈ ✩✶✴✩✷✳rst❴❡✐✩✐ ✩✶✴rst
✐❢ ✭✲❡ ✩✶✴rst✴✩✷✳rst❴❡✐✩✐✳❩✮ ❭r♠ ✩✶✴rst✴✩✷✳rst❴❡✐✩✐✳❩
❝♦♠♣r❡ss ✩✶✴rst✴✩✷✳rst❴❡✐✩✐
✐❢ ✭✲❡ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩✮ ❭r♠ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩
❝♦♠♣r❡ss ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬
✐❢✭✩st❛t✉s✮ t❤❡♥
❡❝❤♦ ✧❆rrêt ✐♥♦♣✐♥é ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ à ❧✬ét❛♣❡ ✿ ✩t❛❣✧ ❃❃ ✩♦✉t
❡①✐t✭✶✮
❡♥❞✐❢
❡♥❞
★
★ ❈♦♠♠❡♥t ré❝✉♣ér❡r ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❜♦ît❡ s✉r ❧❛ ✜♥ ❞✉ rst ✳✳✳
★
s❡t ❜♦①①❂❵t❛✐❧ ✲✶ ✩✷✳rst ⑤ ❝✉t ✲❝ ✸✲✶✷❵
s❡t ❜♦①②❂❵t❛✐❧ ✲✶ ✩✷✳rst ⑤ ❝✉t ✲❝ ✶✺✲✷✹❵
s❡t ❜♦①③❂❵t❛✐❧ ✲✶ ✩✷✳rst ⑤ ❝✉t ✲❝ ✷✼✲✸✻❵
s❡❞ ✬s✴❛❂✳✯✱ ❜❂✳✯✱ ❝❂✳✯✱✩✴❛❂✬✩❜♦①①✬✱ ❜❂✬✩❜♦①②✬✱ ❝❂✬✩❜♦①③✬✱✴❣✬ ✩❞✐r❜❛s✴r✐✸✵✵❑❴▼❛①✇❡❧❧✶ ❃ t♦t♦
♠✈ t♦t♦ ✩❞✐r❜❛s✴r✐✸✵✵❑❴▼❛①✇❡❧❧✶
★
★ r❛♥❞♦♠ t❡❝❤♥✐q✉❡ ✿ ❡t❛♣❡ ★✸✳ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥ ❞✐str✐❜✉t✐♦♥ ✭❆♥❞❡rs❡♥ ♦♣t✐♦♥ ◆❚❚❂✲✶ ❡t ■●
❞✐❢✳✮
★
s❡t t❛❣ ❂ r✐✸✵✵❑❴▼❛①✇❡❧❧✶
s❡t ✜❧❡ ❂ ✩✷✳✩t❛❣
❡❝❤♦ ✧❉✐str✐❜✉t✐♦♥ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥ ❖❑ ❭ ✦❭ ✦❭ ✦❭t✩✜❧❡❭t❵❞❛t❡❵✧❃❃ ✩♦✉t
✩❉❖❴P❆❘❆▲▲❊▲ ✴✉sr✴❧♦❝❛❧✴Pr♦❣r❛♠♠❡s✴❆♠❜❡r✻✴❛♠❜❡r✻✴❡①❡✴s❛♥❞❡r ✲❖ ❭
✲✐ ✩❞✐r❜❛s✴✩t❛❣ ❭
✲♣ ✩✶✴♣r♠✴✩✷✳t♦♣ ❭
✲❝ ✩✶✴✩✷✳rst ❭
✲r❡❢ ✩✶✴✩✷✳rst ❭
✲♦ ✩✶✴❧st✴✩✜❧❡✬❴❧✬ ❭
✲① ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬ ❭
✲r ✩✶✴✩✷✳rst❴r✐✶
❭❝♣ ✩✶✴✩✷✳rst❴r✐✶ ✩✶✴✩✷✳rst
❭♠✈ ✩✶✴✩✷✳rst❴r✐✶ ✩✶✴rst
✷✼✺
✐❢ ✭✲❡ ✩✶✴rst✴✩✷✳rst❴r✐✶✳❩✮ ❭r♠ ✩✶✴rst✴✩✷✳rst❴r✐✶✳❩
❝♦♠♣r❡ss ✩✶✴rst✴✩✷✳rst❴r✐✶
✐❢ ✭✲❡ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩✮ ❭r♠ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩
❝♦♠♣r❡ss ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬
✐❢✭✩st❛t✉s✮ t❤❡♥
❡❝❤♦ ✧❆rrêt ✐♥♦♣✐♥é ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ à ❧✬ét❛♣❡ ✿ ✩t❛❣✧ ❃❃ ✩♦✉t
❡①✐t✭✶✮
❡♥❞✐❢
★
★ ❡q✉✐❧✐❜r❛t✐♦♥ ✿ ❡t❛♣❡ ★✹
★
❢♦r❡❛❝❤ ✐ ✭✽✮
s❡t t❛❣ ❂ ❡✐✸✵✵❑✩✐
s❡t ✜❧❡ ❂ ✩✷✳✩t❛❣
❡❝❤♦ ✧❊q✉✐❧✐❜r❛t✐♦♥ ★✩✐❭t❭t❭t✩✜❧❡❭t❭t❵❞❛t❡❵✧ ❃❃✩♦✉t
✩❉❖❴P❆❘❆▲▲❊▲ ✴✉sr✴❧♦❝❛❧✴Pr♦❣r❛♠♠❡s✴❆♠❜❡r✻✴❛♠❜❡r✻✴❡①❡✴s❛♥❞❡r ✲❖ ❭
✲✐ ✩❞✐r❜❛s✴✩t❛❣ ❭
✲♣ ✩✶✴♣r♠✴✩✷✳t♦♣ ❭
✲❝ ✩✶✴✩✷✳rst ❭
✲r❡❢ ✩✶✴✩✷✳rst ❭
✲♦ ✩✶✴❧st✴✩✜❧❡✬❴❧✬ ❭
✲① ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬ ❭
✲r ✩✶✴✩✷✳rst❴❡✐✩✐
❭❝♣ ✩✶✴✩✷✳rst❴❡✐✩✐ ✩✶✴✩✷✳rst
❭♠✈ ✩✶✴✩✷✳rst❴❡✐✩✐ ✩✶✴rst
✐❢ ✭✲❡ ✩✶✴rst✴✩✷✳rst❴❡✐✩✐✳❩✮ ❭r♠ ✩✶✴rst✴✩✷✳rst❴❡✐✩✐✳❩
❝♦♠♣r❡ss ✩✶✴rst✴✩✷✳rst❴❡✐✩✐
✐❢ ✭✲❡ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩✮ ❭r♠ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩
❝♦♠♣r❡ss ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬
✐❢✭✩st❛t✉s✮ t❤❡♥
❡❝❤♦ ✧❆rrêt ✐♥♦♣✐♥é ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ à ❧✬ét❛♣❡ ✿ ✩t❛❣✧ ❃❃ ✩♦✉t
❡①✐t✭✶✮
❡♥❞✐❢
❡♥❞
★
★ ❡q✉✐❧✐❜r❛t✐♦♥ ✿ ❡t❛♣❡ ★✺✳ ■● ❞✐✛✱ Pr♦❣✳ ❞❡ ❨♦✉♥❣ ♣♦✉r ❧❡ ❈▼✳
★
s❡t ✐ ❂ ✶
✇❤✐❧❡ ✭✩✐ ❁ ✷✮
s❡t t❛❣ ❂ ♣r♦❞st❜✩✐
s❡t ✜❧❡ ❂ ✩✷✳✩t❛❣
❡❝❤♦ ✧❊q✉✐❧✐❜r❛t✐♦♥ ★✩✐❭t❭t❭t✩✜❧❡❭t❭t❵❞❛t❡❵✧ ❃❃✩♦✉t
✩❉❖❴P❆❘❆▲▲❊▲ ✴✉sr✴❧♦❝❛❧✴Pr♦❣r❛♠♠❡s✴❆♠❜❡r✻✴❛♠❜❡r✻✴❡①❡✴s❛♥❞❡r ✲❖ ❭
✲✐ ✩❞✐r❜❛s✴♣r♦❞st❜ ❭
✲♣ ✩✶✴♣r♠✴✩✷✳t♦♣ ❭
✲❝ ✩✶✴✩✷✳rst ❭
✷✼✻ ❆♥♥❡①❡s
✲r❡❢ ✩✶✴✩✷✳rst ❭
✲♦ ✩✶✴❧st✴✩✜❧❡✬❴❧✬ ❭
✲① ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬ ❭
✲r ✩✶✴✩✷✳rst❴♣r♦❞st❜✩✐
❭❝♣ ✩✶✴✩✷✳rst❴♣r♦❞st❜✩✐ ✩✶✴✩✷✳rst
❭♠✈ ✩✶✴✩✷✳rst❴♣r♦❞st❜✩✐ ✩✶✴rst
✐❢ ✭✲❡ ✩✶✴rst✴✩✷✳rst❴♣r♦❞st❜✩✐✳❩✮ ❭r♠ ✩✶✴rst✴✩✷✳rst❴♣r♦❞st❜✩✐✳❩
❝♦♠♣r❡ss ✩✶✴rst✴✩✷✳rst❴♣r♦❞st❜✩✐
✐❢ ✭✲❡ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩✮ ❭r♠ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩
❝♦♠♣r❡ss ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬
✐❢✭✩st❛t✉s✮ t❤❡♥
❡❝❤♦ ✧❆rrêt ✐♥♦♣✐♥é ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ à ❧✬ét❛♣❡ ✿ ✩t❛❣✧ ❃❃ ✩♦✉t
❡①✐t✭✶✮
❡♥❞✐❢
❅ ✐✰✰
❡♥❞
★
★ ❈♦♠♠❡♥t ré❝✉♣ér❡r ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❜♦ît❡ s✉r ❧❛ ✜♥ ❞✉ rst ✳✳✳
★
s❡t ❜♦①①❂❵t❛✐❧ ✲✶ ✩✷✳rst ⑤ ❝✉t ✲❝ ✸✲✶✷❵
s❡t ❜♦①②❂❵t❛✐❧ ✲✶ ✩✷✳rst ⑤ ❝✉t ✲❝ ✶✺✲✷✹❵
s❡t ❜♦①③❂❵t❛✐❧ ✲✶ ✩✷✳rst ⑤ ❝✉t ✲❝ ✷✼✲✸✻❵
s❡❞ ✬s✴❛❂✳✯✱ ❜❂✳✯✱ ❝❂✳✯✱✩✴❛❂✬✩❜♦①①✬✱ ❜❂✬✩❜♦①②✬✱ ❝❂✬✩❜♦①③✬✱✴❣✬ ✩❞✐r❜❛s✴r✐✸✵✵❑❴▼❛①✇❡❧❧✷ ❃ t♦t♦
♠✈ t♦t♦ ✩❞✐r❜❛s✴r✐✸✵✵❑❴▼❛①✇❡❧❧✷
★
★ r❛♥❞♦♠ t❡❝❤♥✐q✉❡ ✿ ❡t❛♣❡ ★✻✳ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥ ❞✐str✐❜✉t✐♦♥ ✭❆♥❞❡rs❡♥ ♦♣t✐♦♥ ◆❚❚❂✲✶ ❡t ■●
❞✐❢✳✮
★
s❡t t❛❣ ❂ r✐✸✵✵❑❴▼❛①✇❡❧❧✷
s❡t ✜❧❡ ❂ ✩✷✳✩t❛❣
❡❝❤♦ ✧▼❛①✇❡❧❧✲❇♦❧t③♠❛♥ ❞✐str✐❜✉t✐♦♥ ❖❑ ❭ ✦❭ ✦❭ ✦❭t✩✜❧❡❭t❵❞❛t❡❵✧ ❃❃ ✩♦✉t
✩❉❖❴P❆❘❆▲▲❊▲ ✴✉sr✴❧♦❝❛❧✴Pr♦❣r❛♠♠❡s✴❆♠❜❡r✻✴❛♠❜❡r✻✴❡①❡✴s❛♥❞❡r ✲❖ ❭
✲✐ ✩❞✐r❜❛s✴✩t❛❣ ❭
✲♣ ✩✶✴♣r♠✴✩✷✳t♦♣ ❭
✲❝ ✩✶✴✩✷✳rst ❭
✲r❡❢ ✩✶✴✩✷✳rst ❭
✲♦ ✩✶✴❧st✴✩✜❧❡✬❴❧✬ ❭
✲① ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬ ❭
✲r ✩✶✴✩✷✳rst❴r✐✷
❭❝♣ ✩✶✴✩✷✳rst❴r✐✷ ✩✶✴✩✷✳rst
❭♠✈ ✩✶✴✩✷✳rst❴r✐✷ ✩✶✴rst
✐❢ ✭✲❡ ✩✶✴rst✴✩✷✳rst❴r✐✷✳❩✮ ❭r♠ ✩✶✴rst✴✩✷✳rst❴r✐✷✳❩
❝♦♠♣r❡ss ✩✶✴rst✴✩✷✳rst❴r✐✷
✐❢ ✭✲❡ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩✮ ❭r♠ ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬✳❩
❝♦♠♣r❡ss ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬
✐❢✭✩st❛t✉s✮ t❤❡♥
✷✼✼
❡❝❤♦ ✧❆rrêt ✐♥♦♣✐♥é ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ à ❧✬ét❛♣❡ ✿ ✩t❛❣✧ ❃❃ ✩♦✉t
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★
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s❡t ✐ ❂ ✷
✇❤✐❧❡ ✭✩✐ ❁ ✸✮
s❡t t❛❣ ❂ ♣r♦❞st❜✩✐
s❡t ✜❧❡ ❂ ✩✷✳✩t❛❣
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★
❡①✐t
s❡t ✐ ❂ ✶
✇❤✐❧❡ ✭✩✐ ❁ ✺✶✮
s❡t t❛❣ ❂ ❞♥✸✵✵❑✩✐
s❡t ✜❧❡ ❂ ✩✷✳✩t❛❣
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✲✐ ✩❞✐r❜❛s✴❞♥✸✵✵❑ ❭
✲♣ ✩✶✴♣r♠✴✩✷✳t♦♣ ❭
✲❝ ✩✶✴✩✷✳rst ❭
✲r❡❢ ✩✶✴✩✷✳rst ❭
✲♦ ✩✶✴❧st✴✩✜❧❡✬❴❧✬ ❭
✲① ✩✶✴❝r❞✴✩✜❧❡✬❴❝✬ ❭
✲r ✩✶✴✩✷✳rst❴❞♥✩✐
❭❝♣ ✩✶✴✩✷✳rst❴❞♥✩✐ ✩✶✴✩✷✳rst
❭♠✈ ✩✶✴✩✷✳rst❴❞♥✩✐ ✩✶✴rst
✐❢ ✭✲❡ ✩✶✴rst✴✩✷✳rst❴❞♥✩✐✳❩✮ ❭r♠ ✩✶✴rst✴✩✷✳rst❴❞♥✩✐✳❩
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◆❚❈❂✷✱ ❚❖▲❂✵✳✵✵✵✺✱ ◆❚❋❂✷✱
◆❚P❘❂✺✵✱ ◆❚❲❳❂✺✵✵✱
◆▼❘❖P❚❂✵✱
✫❡♥❞
✫❡✇❛❧❞
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✫✇t ❚❨P❊❂✬❊◆❉✬✱ ✫❡♥❞
✫rst ✐❛t❂✵✱ ✫❡♥❞
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❉◆❆
✫❝♥tr❧
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◆❚P❘❂✺✵✱ ◆❚❲❳❂✺✵✵✱
◆▼❘❖P❚❂✵✱
✫❡♥❞
✫❡✇❛❧❞
❛❂✻✺✳✷✻✽✽✱ ❜❂✺✸✳✻✵✷✹✱ ❝❂✺✸✳✶✺✹✻✱
♥✛t✶❂✻✹✱ ♥✛t✷❂✺✹✱ ♥✛t✸❂✺✹✱♦r❞❡r❂✹✱ ❞s✉♠❴t♦❧❂✵✳✵✵✵✵✵✶✱ ✫❡♥❞
✫✇t ❚❨P❊❂✬❊◆❉✬✱ ✫❡♥❞
✫rst ✐❛t❂✵✱ ✫❡♥❞
❆♥❛❧②s❡✳♣❧
★ ✦✴✉sr✴❜✐♥✴♣❡r❧ ✲✇
★ Pr♦❣r❛♠♠❡ s❡r✈❛♥t ❛ ♠❡ttr❡ ❡♥ ❢♦r♠❡ ❞❡s ❞♦♥♥❡❡s
★ ❛✜♥ ❞❡ ❧❡s ✈✐s✉❛❧✐s❡r ❢❛❝✐❧❡♠❡♥t ❛✈❡❝ ❳♠●r❛❝❡
★ ✈❡rs✐♦♥ ❞❡ ❞❡✈❡❧♦♣♣❡♠❡♥t ✷✽✵✺✷✵✵✸
★ ❙♣❡❝✐❛❧ t❤❛♥❦s t♦ P❛r✐❞❡ P❛♣❛❞✐❛ ❢♦r ❞❡❜✉❣❣✐♥❣ ✐♥❢♦
★ ❙♣❡❝✐❛❧ t❤❛♥❦s t♦ ▼❛r❦✉s ❉r✉♠♠ ❢♦r ❞❡❜✉❣❣✐♥❣ ✐♥❢♦
✉s❡ str✐❝t ❀
★ ❚♦✉t ❞✬❛❜♦r❞ ❧❡s r❡♣❡rt♦✐r❡s ❞❡ tr❛✈❛✐❧
♠② ✩❝❛r♥❛❧♦✉t❂✧✳✴✧ ❀
♠② ✩❝✺s❡❧♦✉t❂✧✳✳✴❝✺❴s❡❧❴♦✉t✴✧ ❀
♠② ✩r❡♣s♦rt✐❡❂✧■❧❧✉str❛t✐♦♥s✴✧ ❀
♠② ✩s✉✣①❡❣❧♦❜❛❧❂✧❴♠♦②✧ ❀
★ ❊♥s✉✐t❡ ❧❛ s❡q✉❡♥❝❡ ❞✉ ❞✐♥✉❝❧❡♦t✐❞❡ ❛✐♥s✐ q✉❡ ❧❡ t✐tr❡ ❞❡s ❣r❛♣❤❡s
★ ❚❖❯❏❖❯❘❙ ❞❛♥s ❧❡ s❡♥s ✺✬✲❃✸✬
♠② ❅❜r✐♥✶❂✭✬●✬✱✬❈✬✱✬❈✬✱✬●✯✬✱✬●✯✬✱✬●✬✱✬❚✬✱✬❈✬✱✬●✬✱✬❈✬✮ ❀
✷✽✾
♠② ❅❜r✐♥✷❂✭✬●✬✱✬❈✬✱✬●✬✱✬❆✬✱✬❈✬✱✬❈✬✱✬❈✬✱✬●✬✱✬●✬✱✬❈✬✮ ❀
♠② ✩t✐tr❡♣r✐♥❝✐♣❛❧❂✧●●●✲Pt✧ ❀
♠② ✩s♦✉st✐tr❡♣r✐♥❝✐♣❛❧❂✧✶✺ ♥s ❡♥ ❡❛✉ ❡①♣❧✐❝✐t❡ ✲ ♣❛r♠✾✾✧ ❀
★ ◗✉❡❧s ♣❛r❛♠❡tr❡s ✈♦♥t ❡tr❡ r❡♣r❡s❡♥t❡s ❄✳
♠② ❅sq✉❡❧❡tt❡❂✭✧❛❧♣❤❛✧✱✧❜❡t❛✧✱✧❣❛♠♠❛✧✱✧❞❡❧t❛✧✱✧❡♣s✐❧♦♥✧✱✧③❡t❛✧✱✧❡♣♠♦✐♥s③❡✧✱✧P❤❛s❡✧✱✧❆♠♣❧✐t✉❞❡✧✱✧❝❤✐✧✱✧■♥❝❧✐♥❴❡t❛✧✱✧❚✐♣❴t❤❡t❛✧✮ ❀
♠② ❅✐♥t❡r❜❛s❡❂✭✧❚✇✐st❴❖♠❡❣❛✧✱✧❘♦❧❧❴r❤♦✧✱✧❚✐❧t❴t❛✉✧✱✧❙❤✐❢t❴❉①✧✱✧❙❧✐❞❡❴❉②✧✱✧❘✐s❡❴❉③✧✮ ❀
♠② ❅✐♥tr❛♣❛✐r❡❜❛s❡✶❂✭✧❖♣❡♥✐♥❣❴s✐❣♠❛✧✱✧❇✉❝❦❧❡❴❦❛♣♣❛✧✱✧❙tr❡t❝❤❴❙②✧✮ ❀
♠② ❅✐♥tr❛♣❛✐r❡❜❛s❡✷❂✭✧Pr♦♣❡❧❴♦♠❡❣❛✧✱✧❙❤❡❛r❴❙①✧✱✧❙t❛❣❣❡r❴❙③✧✮ ❀
♠② ❅❞✐✈❡rs✶❂✭✧❆t✐♣✧✮ ❀
♠② ❅❞✐✈❡rs✷❂✭✧❆♥❣❧❡✧✮ ❀
♠② ❅✉♥❣r❛♣❤❡❂✭✧❑✐♥❦✧✮ ❀
★ P♦✉r ❛✈♦✐r ✉♥❡ ❡❝❤❡❧❧❡ ❛✉t♦♠❛t✐q✉❡ s✉r ❧❡s ❛①❡s ✿
★ s♦✐t ❛✉❝✉♥❡ ✿ ♠❡ttr❡ ❧❛ ✈❛❧❡✉r ✧♦♥r❡❛❞ ♥♦♥❡✧✱ ❧❡s ✈❛❧❡✉rs ❞é✜♥✐❡s ♣❧✉s ❜❛s s❡r♦♥t ✉t✐❧✐sé❡s
★ s♦✐t ♣♦✉r ① ✿ ♠❡ttr❡ ❧❛ ✈❛❧❡✉r ✧①❛①❡s✧
★ s♦✐t ♣♦✉r ② ✿ ♠❡ttr❡ ❧❛ ✈❛❧❡✉r ✧②❛①❡s✧
♠② ✩❛✉t♦s❝❛❧❡❂✧②❛①❡s✧ ❀
★ P♦✉r ♥❡ r❡♣r❡s❡♥t❡r q✉✬✉♥❡ ❢r❛❝t✐♦♥ ❞✉ ❞✐♥✉❝❧❡♦t✐❞❡ ✿
★ ■❧ ❢❛✉t ❛✉ ♠♦✐♥s ✉♥ ❞❡❝❛❧❛❣❡ ❞❡ ✉♥ ♣♦✉r ❧❡s ♣❛s ✐♥t❡r ♣❛✐r❡ ❞❡ ❜❛s❡
♠② ✩❜r✐♥✶❞❡❜✉t❂✶ ❀
♠② ✩❜r✐♥✶✜♥❂✶✵ ❀
★ P♦✉r ♠❡ttr❡ ❞❡ ❧❛ ❝♦✉❧❡✉r ❞❛♥s ❧❡s r❡♣r❡s❡♥t❛t✐♦♥s✳
♠② ✩❝♦✉❧❡✉rt✐tr❡❂✹ ❀
♠② ✩❝♦✉❧❡✉rs♦✉st✐tr❡❂✷ ❀
★ ❋♦r♠❛t ❞❡ s♦rt✐❡ s♦✉❤❛✐t❡ ✿ ♣♥❣✱ ♣s✳
♠② ✩❢♦r♠❛t❂✧♣s✧ ❀
★
★ ❆ ♣❛rt✐r ❞✬✐❝✐ ✐❧ ♥✬② ❛ ♣❧✉s r✐❡♥ à ❝❤❛♥❣❡r ✳✳✳✳
★
♠② ✩♣✇❞❂✩❊◆❱④P❲❉⑥ ❀
♠② ✩♥❜❣r❛♣❤❂❅❜r✐♥✶ ❀
★ P♦✉r ❢❛✐r❡ ✉♥ ♣❡✉ ❧❡ ♠❡♥❛❣❡
✐❢ ✭ ✦ ✲❞ ✩r❡♣s♦rt✐❡ ✮
④
♠❦❞✐r ✩r❡♣s♦rt✐❡ ❀
⑥
♠② ✪♠✐♥❂✭✧❛❧♣❤❛✧❂❃✧✲✶✹✵✧✱
✧❜❡t❛✧❂❃✧✾✵✧✱
✧❣❛♠♠❛✧❂❃✧✵✧✱
✧❞❡❧t❛✧❂❃✧✻✵✧✱
✧❡♣s✐❧♦♥✧❂❃✧✶✷✵✧✱
✧③❡t❛✧❂❃✧✻✵✧✱
✧❡♣♠♦✐♥s③❡✧❂❃✧✲✶✸✵✧✱
✧P❤❛s❡✧❂❃✧✲✻✵✧✱
✧❆♠♣❧✐t✉❞❡✧❂❃✧✷✵✧✱
✧❝❤✐✧❂❃✧✶✺✵✧✱
✧❆t✐♣✧❂❃✧✲✷✵✧✱
✷✾✵ ❆♥♥❡①❡s
✧❆♥❣❧❡✧❂❃✧✵✧✱
✧❊♣s✐❧♦♥❴❛♠♣❧✐t✉❞❡✧❂❃✧✶✺✵✧✱
✧■♥❝❧✐♥❴❡t❛✧❂❃✧✲✸✵✧✱
✧❑✐♥❦✧❂❃✧✵✧✱
✧Pr♦♣❡❧❴♦♠❡❣❛✧❂❃✧✲✺✵✧✱
✧❖♣❡♥✐♥❣❴s✐❣♠❛✧❂❃✧✲✷✵✧✱
✧❘✐s❡❴❉③✧❂❃✧✷✧✱
✧❘♦❧❧❴r❤♦✧❂❃✧✲✺✵✧✱
✧❙❤❡❛r❴❙①✧❂❃✧✲✷✧✱
✧❙tr❡t❝❤❴❙②✧❂❃✧✲✶✧✱
✧❙❤✐❢t❴❉①✧❂❃✧✲✸✧✱
✧❙❧✐❞❡❴❉②✧❂❃✧✲✸✧✱
✧❙t❛❣❣❡r❴❙③✧❂❃✧✲✷✧✱
✧❇✉❝❦❧❡❴❦❛♣♣❛✧❂❃✧✲✹✺✧✱
✧❚✐❧t❴t❛✉✧❂❃✧✲✹✵✧✱
✧❚✐♣❴t❤❡t❛✧❂❃✧✲✹✵✧✱
✧❚✇✐st❴❖♠❡❣❛✧❂❃✧✶✵✧✱
✧❚❡♠♣s✧❂❃✧✵✧
✮ ❀
♠② ✪♠❛①❂✭✧❛❧♣❤❛✧❂❃✧✵✧✱
✧❜❡t❛✧❂❃✧✷✼✵✧✱
✧❣❛♠♠❛✧❂❃✧✸✷✵✧✱
✧❞❡❧t❛✧❂❃✧✶✽✵✧✱
✧❡♣s✐❧♦♥✧❂❃✧✸✻✵✧✱
✧③❡t❛✧❂❃✧✸✸✵✧✱
✧❡♣♠♦✐♥s③❡✧❂❃✧✷✸✵✧✱
✧P❤❛s❡✧❂❃✧✷✹✵✧✱
✧❆♠♣❧✐t✉❞❡✧❂❃✧✻✵✧✱
✧❝❤✐✧❂❃✧✸✻✵✧✱
✧❆t✐♣✧❂❃✧✺✵✧✱
✧❆♥❣❧❡✧❂❃✧✸✵✧✱
✧❊♣s✐❧♦♥❴❛♠♣❧✐t✉❞❡✧❂❃✧✸✵✵✧✱
✧■♥❝❧✐♥❴❡t❛✧❂❃✧✻✵✧✱
✧❑✐♥❦✧❂❃✧✶✵✵✧✱
✧Pr♦♣❡❧❴♦♠❡❣❛✧❂❃✧✸✵✧✱
✧❖♣❡♥✐♥❣❴s✐❣♠❛✧❂❃✧✸✵✧✱
✧❘✐s❡❴❉③✧❂❃✧✺✧✱
✧❘♦❧❧❴r❤♦✧❂❃✧✺✵✧✱
✧❙❤❡❛r❴❙①✧❂❃✧✷✧✱
✧❙tr❡t❝❤❴❙②✧❂❃✧✷✧✱
✧❙❤✐❢t❴❉①✧❂❃✧✸✧✱
✧❙❧✐❞❡❴❉②✧❂❃✧✸✧✱
✧❙t❛❣❣❡r❴❙③✧❂❃✧✷✧✱
✧❇✉❝❦❧❡❴❦❛♣♣❛✧❂❃✧✻✵✧✱
✧❚✐❧t❴t❛✉✧❂❃✧✹✵✧✱
✧❚✐♣❴t❤❡t❛✧❂❃✧✷✵✧✱
✷✾✶
✧❚✇✐st❴❖♠❡❣❛✧❂❃✧✺✵✧✱
✧❚❡♠♣s✧❂❃✧✶✺✵✵✵✧
✮ ❀
♠② ✪t②♣❡s♦rt✐❡❂✭✧♣s✧❂❃✧P♦sts❝r✐♣t✧✱ ✧♣♥❣✧❂❃✧P◆●✧✱ ✧♣❞❢✧❂❃✧P❉❋✧✮ ❀
s✉❜ ❡♥t❡t❡
④
♠② ✭❅t✮❂❅❴ ❀
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
♦♣❡♥✭❋■❈✱✧❃ ✩s♦rt✐❡✧✮ ♦r ❞✐❡ ✭✧❖✉✈❡rt✉r❡ ❞✉ ✜❝❤✐❡r ✿ ✩ ✦❭♥✧✮ ❀
♣r✐♥t ❋■❈ ✧★ ❈r❡❛t✐♦♥ ❞❡ ✜❝❤✐❡rs ♣♦✉r ❳♠●r❛❝❡
♣❛❣❡ ❧❛②♦✉t ♣♦rtr❛✐t
♣❛❣❡ s✐③❡ ✺✾✺✱ ✽✹✷
♣❛❣❡ s❝r♦❧❧ ✺✪
♣❛❣❡ ✐♥♦✉t ✺✪
❜❛❝❦❣r♦✉♥❞ ❝♦❧♦r ✵❭♥✧ ❀
❝❧♦s❡ ❋■❈ ❀
⑥
⑥
s✉❜ ♥♦♠❜r❡❣r❛♣❤❡s
④
★ ❈ré❛t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡s ❣r❛♣❤❡s
♠② ✭✩♥❜✱❅t✮❂❅❴ ❀
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
♦♣❡♥✭❋■❈✱✧❃❃ ✩s♦rt✐❡✧✮ ♦r ❞✐❡ ✭✧❖✉✈❡rt✉r❡ ❞✉ ✜❝❤✐❡r ✿✩ ✦❭♥✧✮ ❀
♣r✐♥t ❋■❈ ✧❛rr❛♥❣❡ ✭✩♥❜✱✷✱✵✳✶✺✱✳✷✺✱✳✷✱❖◆✱❖❋❋✱❖❋❋✱❖◆✮❭♥✧ ❀
♠② ✩✐❂✵ ❀
✇❤✐❧❡ ✭ ✩✐ ❁❂ ✩♥❜✯✷ ✮
④
♣r✐♥t ❋■❈ ✧●✩✐ ❍■❉❉❊◆ ❖◆❭♥✧ ❀
✩✐✰❂✶ ❀
⑥
❝❧♦s❡ ❋■❈ ❀
⑥
⑥
s✉❜ t✐tr❡❣r❛♣❤❡
④
♠② ✭✩♥❜✱❅t✮❂❅❴ ❀
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
✷✾✷ ❆♥♥❡①❡s
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
♦♣❡♥✭❋■❈✱✧❃❃ ✩s♦rt✐❡✧✮ ♦r ❞✐❡ ✭✧❖✉✈❡rt✉r❡ ❞✉ ✜❝❤✐❡r ✿✩ ✦❭♥✧✮ ❀
♣r✐♥t ❋■❈ ✧★P♦✉r ❧❡ ❣r❛♣❤❡ ❞❡ t✐tr❡
❣✩♥❜ ♦♥
✇✐t❤ ❣✩♥❜
✈✐❡✇ ①♠✐♥ ✵✳✵✺
✈✐❡✇ ①♠❛① ✵✳✾✺
✈✐❡✇ ②♠✐♥ ✵✳✵✺
✈✐❡✇ ②♠❛① ✶✳✸✵
t✐t❧❡ ❭✧✩t✐tr❡♣r✐♥❝✐♣❛❧❭✧
t✐t❧❡ ❢♦♥t ✵
t✐t❧❡ s✐③❡ ✶✳✺✵✵✵✵✵
t✐t❧❡ ❝♦❧♦r ✩❝♦✉❧❡✉rt✐tr❡
s✉❜t✐t❧❡ ❭✧✩s♦✉st✐tr❡♣r✐♥❝✐♣❛❧ ✲ ✩✜❝❤✐❡r ✲❭✧
s✉❜t✐t❧❡ ❢♦♥t ✵
s✉❜t✐t❧❡ s✐③❡ ✶✳✵✵✵✵✵✵
s✉❜t✐t❧❡ ❝♦❧♦r ✩❝♦✉❧❡✉rs♦✉st✐tr❡
①❛①✐s ♦✛
①❛①✐s ❜❛r ♦✛
②❛①✐s ♦✛
②❛①✐s ❜❛r ♦✛
②❛①✐s t✐❝❦ ♦✛
②❛①✐s t✐❝❦❧❛❜❡❧ ♦✛
❧❡❣❡♥❞ ♦✛
❢r❛♠❡ t②♣❡ ✵
❢r❛♠❡ ❧✐♥❡st②❧❡ ✵
❢r❛♠❡ ❝♦❧♦r ✵❭♥❭♥✧ ❀
❝❧♦s❡ ❋■❈ ❀
⑥
⑥
s✉❜ t✐tr❡❧♦❝❛❧❣r❛♣❤❡
④
♠② ✭✩♥❜✱❅t✮❂❅❴ ❀
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
♦♣❡♥✭❋■❈✱✧❃❃ ✩s♦rt✐❡✧✮ ♦r ❞✐❡ ✭✧❖✉✈❡rt✉r❡ ❞✉ ✜❝❤✐❡r ✿✩ ✦❭♥✧✮ ❀
♣r✐♥t ❋■❈ ✧✇✐t❤ ❣✩♥❜
s✉❜t✐t❧❡ ❭✧✩✜❝❤✐❡r❭✧❭♥s✉❜t✐t❧❡ ❢♦♥t ✵❭♥s✉❜t✐t❧❡ s✐③❡ ✶✳✵✵❭♥❭♥✧ ❀
❝❧♦s❡ ❋■❈ ❀
⑥
⑥
s✉❜ ❣r❛♣❤❡
④
♠② ✭✩♥♦❣r❛♣❤❡✱ ✩s✉✣①❡✱ ✩♥♦♠①✱ ✩❛✣❝❤①✱ ✩♥♦♠②✱ ✩♣♦s②✱ ✩❝♦❧♦♥♥❡✱ ❅t✮❂❅❴ ❀
✷✾✸
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
♦♣❡♥✭❋■❈✱✧❃❃ ✩s♦rt✐❡✧✮ ♦r ❞✐❡ ✭✧❖✉✈❡rt✉r❡ ❞✉ ✜❝❤✐❡r ✿✩ ✦❭♥✧✮ ❀
♣r✐♥t ❋■❈ ✧★ P♦✉r ❧❡ ❣r❛♣❤❡ ✩♥♦❣r❛♣❤❡❭♥✧ ❀
♣r✐♥t ❋■❈ ✧❣✩♥♦❣r❛♣❤❡ ♦♥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧✇✐t❤ ❣✩♥♦❣r❛♣❤❡❭♥✧ ❀
♣r✐♥t ❋■❈ ✧r❡❛❞ ❜❧♦❝❦ ❭✧✩❝✺s❡❧♦✉t✩✜❝❤✐❡r✩s✉✣①❡✩s✉✣①❡❣❧♦❜❛❧❭✧❭♥✧ ❀
♣r✐♥t ❋■❈ ✧❜❧♦❝❦ ①② ❭✧✶ ✿✩❝♦❧♦♥♥❡❭✧❭♥✧ ❀
★❈♦♦r❞♦♥♥❡❡s ❣❧♦❜❛❧❡s
♣r✐♥t ❋■❈ ✧✇♦r❧❞ ①♠✐♥ ✩♠✐♥④❚❡♠♣s⑥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧✇♦r❧❞ ①♠❛① ✩♠❛①④❚❡♠♣s⑥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧✇♦r❧❞ ②♠✐♥ ✩♠✐♥④✩✜❝❤✐❡r⑥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧✇♦r❧❞ ②♠❛① ✩♠❛①④✩✜❝❤✐❡r⑥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧❛✉t♦s❝❛❧❡ ✩❛✉t♦s❝❛❧❡❭♥✧ ❀
★ ❈❛r❛❝t❡r✐st✐q✉❡s ❞❡ ❧✬❛①❡ ①
♣r✐♥t ❋■❈ ✧①❛①✐s ♦♥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s ❧❛❜❡❧ ❭✧✩♥♦♠①❭✧❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t②♣❡ ③❡r♦ ❢❛❧s❡❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t✐❝❦ ♦♥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t✐❝❦ ❞❡❢❛✉❧t ✻❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t✐❝❦ ♣❧❛❝❡ r♦✉♥❞❡❞ tr✉❡❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t✐❝❦ ♠❛❥♦r s✐③❡ ✵✳✷✺❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t✐❝❦❧❛❜❡❧ ✩❛✣❝❤① ❭♥✧ ❀
♣r✐♥t ❋■❈ ✧①❛①✐s t✐❝❦❧❛❜❡❧ ❝❤❛r s✐③❡ ✵✳✺❭♥✧ ❀
★ ❈❛r❛❝t❡r✐st✐q✉❡s ❞❡ ❧✬❛①❡ ②
♣r✐♥t ❋■❈ ✧②❛①✐s ♦♥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s ❧❛❜❡❧ ❭✧✩♥♦♠②❭✧❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s ❧❛❜❡❧ ♣❧❛❝❡ ✩♣♦s②❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s ❧❛❜❡❧ ❧❛②♦✉t ♣❡r♣❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s t✐❝❦ ♦♥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s t✐❝❦ ♣❧❛❝❡ r♦✉♥❞❡❞ tr✉❡❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s t✐❝❦ ♠❛❥♦r s✐③❡ ✵✳✷✺❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s t✐❝❦❧❛❜❡❧ ♦♥❭♥✧ ❀
♣r✐♥t ❋■❈ ✧②❛①✐s t✐❝❦❧❛❜❡❧ ❝❤❛r s✐③❡ ✵✳✺❭♥❭♥✧ ❀
❝❧♦s❡ ❋■❈ ❀
⑥
⑥
s✉❜ s♦rt✐❡
④
♠② ✭❅t✮❂❅❴ ❀
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
✷✾✹ ❆♥♥❡①❡s
♦♣❡♥✭❋■❈✱✧❃❃ ✩s♦rt✐❡✧✮ ♦r ❞✐❡ ✭✧❖✉✈❡rt✉r❡ ❞✉ ✜❝❤✐❡r ✿✩ ✦❭♥✧✮ ❀
♣r✐♥t ❋■❈ ✧★P♦✉r ❧❛ s♦rt✐❡ ❡♥ ✐♠❛❣❡❭♥✧ ❀
♣r✐♥t ❋■❈ ✧❤❛r❞❝♦♣② ❞❡✈✐❝❡ ❭✧✩t②♣❡s♦rt✐❡④✩❢♦r♠❛t⑥❭✧❭♥✧ ❀
♣r✐♥t ❋■❈ ✧♣r✐♥t t♦ ❭✧✩✜❝❤✐❡r✳✩❢♦r♠❛t❭✧❭♥✧ ❀
♣r✐♥t ❋■❈ ✧♣r✐♥t❭♥✧ ❀
❝❧♦s❡ ❋■❈ ❀
⑥
⑥
s✉❜ ✐♠♣r❡ss✐♦♥
④
♠② ✭❅t✮❂❅❴ ❀
✇❤✐❧❡ ✭❅t✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅t ❀
♠② ✩s♦rt✐❡❂✩r❡♣s♦rt✐❡✳✩✜❝❤✐❡r✳✧✳❜❛t❝❤✧ ❀
s②st❡♠ ✧❣r❛❝❡❜❛t ✲♥♦s❛❢❡ ✲❜❛t❝❤ ✩✜❝❤✐❡r✳❜❛t❝❤✧ ❀
⑥
⑥
★ P♦✉r ✐♠♣r✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ❞✉ sq✉❡❧❡tt❡
♠② ✩✜♥♥✉❝❂✩❜r✐♥✶✜♥✲✩❜r✐♥✶❞❡❜✉t✰✶ ❀
❡♥t❡t❡ ✭❅sq✉❡❧❡tt❡✮ ❀
♥♦♠❜r❡❣r❛♣❤❡s ✭✩✜♥♥✉❝✱❅sq✉❡❧❡tt❡✮ ❀
t✐tr❡❣r❛♣❤❡ ✭✩✜♥♥✉❝✯✷✱❅sq✉❡❧❡tt❡✮ ❀
❢♦r ✭ ♠② ✩❣r❛♣❤❂✵ ❀✩❣r❛♣❤❁✩✜♥♥✉❝✲✶ ❀✩❣r❛♣❤✰✰ ✮
④
♠② ✩♥✉❝❂✩❣r❛♣❤✰✩❜r✐♥✶❞❡❜✉t ❀
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥✉❝✲✶❪✳✬❭❭s✬✳✩♥✉❝ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬❴s✶❴✺♣✸♣✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✭✩♥✉❝✰✶✮✱ ❅sq✉❡❧❡tt❡✮ ❀
⑥
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✷❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✶✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✲✶✱ ✬❴s✶❴✺♣✸♣✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✮✱
❅sq✉❡❧❡tt❡✮ ❀
♠② ✩✐♥t❡r✈❛❧❧❡❂✭✩♥❜❣r❛♣❤✲✩❜r✐♥✶✜♥✮ ❀
✩♥♦♠②❂✩❜r✐♥✷❬✩✐♥t❡r✈❛❧❧❡❪✳✬❭❭s✬✳✭✩✐♥t❡r✈❛❧❧❡✰✩♥❜❣r❛♣❤✰✶✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✱ ✬❴s✷❴✺♣✸♣✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✭✩✐♥t❡r✈❛❧❧❡✰✷✮✱ ❅sq✉❡✲
❧❡tt❡✮ ❀
♠② ✩✐♥t❡r✈❛❧❧❡✜♥❂✷✯✩✜♥♥✉❝ ❀
♠② ✩♥✉❝❂✩✐♥t❡r✈❛❧❧❡✰✶ ❀
♠② ✩❣r❛♣❤❂✩✜♥♥✉❝✰✶ ❀
✇❤✐❧❡ ✭ ✩❣r❛♣❤❁✩✐♥t❡r✈❛❧❧❡✜♥✮
④
♠② ✩♥♦♠②❂✩❜r✐♥✷❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✰✩♥✉❝✰✶✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬❴s✷❴✺♣✸♣✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✭✩♥✉❝✰✷✮✱ ❅sq✉❡❧❡tt❡✮ ❀
✩♥✉❝✰❂✶ ❀
✩❣r❛♣❤✰❂✶ ❀
⑥
✷✾✺
s♦rt✐❡ ✭❅sq✉❡❧❡tt❡✮ ❀
★ P♦✉r ✐♠♣r✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ■♥t❡r ♣❛✐r❡s ❞❡ ❜❛s❡s
✩✜♥♥✉❝❂✩❜r✐♥✶✜♥✲✩❜r✐♥✶❞❡❜✉t ❀
❡♥t❡t❡ ✭❅✐♥t❡r❜❛s❡✮ ❀
♥♦♠❜r❡❣r❛♣❤❡s ✭✩✜♥♥✉❝✱❅✐♥t❡r❜❛s❡✮ ❀
t✐tr❡❣r❛♣❤❡ ✭✩✜♥♥✉❝✯✷✱❅✐♥t❡r❜❛s❡✮ ❀
❢♦r ✭ ♠② ✩❣r❛♣❤❂✵ ❀✩❣r❛♣❤❁✩✜♥♥✉❝✲✶ ❀✩❣r❛♣❤✰✰ ✮
④
♠② ✩♥✉❝❂✩❣r❛♣❤✰✩❜r✐♥✶❞❡❜✉t ❀
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥✉❝✲✶❪✳✬❭❭s✬✳✩♥✉❝✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✶❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥✉❝✰✶✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬❴s✶❴✺♣✸♣✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✩♥✉❝✰✶✱ ❅✐♥t❡r❜❛s❡✮ ❀
⑥
✩♥♦♠②❂✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✷❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✶✮✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲
✶❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✲✶✱ ✬❴s✶❴✺♣✸♣✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✱
❅✐♥t❡r❜❛s❡✮ ❀
✩✐♥t❡r✈❛❧❧❡❂✭✩♥❜❣r❛♣❤✲✩❜r✐♥✶✜♥✮ ❀
✩♥♦♠②❂✩❜r✐♥✷❬✩✐♥t❡r✈❛❧❧❡❪✳✬❭❭s✬✳✭✩✐♥t❡r✈❛❧❧❡✰✩♥❜❣r❛♣❤✰✶✮✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✷❬✩✐♥t❡r✈❛❧❧❡✰✶❪✳✬❭❭s✬✳✭✩✐♥t❡r✈❛❧❧❡✰✩♥❜❣r❛♣❤✰✷✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✱ ✬❴s✷❴✺♣✸♣✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✩✐♥t❡r✈❛❧❧❡✰✷✱ ❅✐♥t❡r❜❛s❡✮ ❀
✩✐♥t❡r✈❛❧❧❡✜♥❂✷✯✩✜♥♥✉❝ ❀
✩♥✉❝❂✩✐♥t❡r✈❛❧❧❡✰✶ ❀
✩❣r❛♣❤❂✩✜♥♥✉❝✰✶ ❀
✇❤✐❧❡ ✭ ✩❣r❛♣❤❁✩✐♥t❡r✈❛❧❧❡✜♥✮
④
♠② ✩♥♦♠②❂✩❜r✐♥✷❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✰✩♥✉❝✰✶✮✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✷❬✩♥✉❝✰✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✰✩♥✉❝✰✷✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬❴s✷❴✺♣✸♣✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✩♥✉❝✰✷✱ ❅✐♥t❡r❜❛s❡✮ ❀
✩♥✉❝✰❂✶ ❀
✩❣r❛♣❤✰❂✶ ❀
⑥
s♦rt✐❡ ✭❅✐♥t❡r❜❛s❡✮ ❀
★ P♦✉r ✐♠♣r✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ■♥tr❛ ♣❛✐r❡s ❞❡ ❜❛s❡s
✩✜♥♥✉❝❂✩❜r✐♥✶✜♥✲✩❜r✐♥✶❞❡❜✉t✰✶ ❀
❡♥t❡t❡ ✭❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
♥♦♠❜r❡❣r❛♣❤❡s ✭✩✜♥♥✉❝✱❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
t✐tr❡❣r❛♣❤❡ ✭✩✜♥♥✉❝✯✷✱❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
❢♦r ✭ ♠② ✩❣r❛♣❤❂✵ ❀✩❣r❛♣❤❁✩✜♥♥✉❝✲✶ ❀✩❣r❛♣❤✰✰ ✮
④
♠② ✩♥✉❝❂✩❣r❛♣❤✰✩❜r✐♥✶❞❡❜✉t ❀
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥✉❝✲✶❪✳✬❭❭s✬✳✩♥✉❝✳✬❭❭◆ ✿✬✳✩❜r✐♥✷❬✩♥❜❣r❛♣❤✲✩♥✉❝❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✯✷✰✶✲✩♥✉❝✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✭✩♥✉❝✰✶✮✱ ❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
⑥
t✐tr❡❧♦❝❛❧❣r❛♣❤❡ ✭✵✱❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
✩♥♦♠②❂✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✷❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✶✮✳✬❭❭◆ ✿✬✳✩❜r✐♥✷❬✩♥❜❣r❛♣❤✲✩❜r✐♥✶✜♥❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✯✷✲
✩❜r✐♥✶✜♥✰✶✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✲✶✱ ✬✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✮✱ ❅✐♥tr❛♣❛✐✲
r❡❜❛s❡✶✮ ❀
✷✾✻ ❆♥♥❡①❡s
✩✐♥t❡r✈❛❧❧❡❂✭✩♥❜❣r❛♣❤✲✩❜r✐♥✶✜♥✮ ❀
✩♥♦♠②❂✩❜r✐♥✶❬✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✲✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✮✳✬❭❭◆ ✿✬✳✩❜r✐♥✷❬✩✐♥t❡r✈❛❧❧❡❪✳✬❭❭s✬✳✭✩✐♥t❡r✈❛❧❧❡✰✩♥❜❣r❛♣❤✰✶✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✱ ✬✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✭✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✰✶✮✱ ❅✐♥tr❛✲
♣❛✐r❡❜❛s❡✷✮ ❀
✩✐♥t❡r✈❛❧❧❡✜♥❂✷✯✩✜♥♥✉❝ ❀
✩♥✉❝❂✩✐♥t❡r✈❛❧❧❡✰✶ ❀
✩❣r❛♣❤❂✩✜♥♥✉❝✰✶ ❀
✇❤✐❧❡ ✭ ✩❣r❛♣❤❁✩✐♥t❡r✈❛❧❧❡✜♥✮
④
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥❜❣r❛♣❤✲✩♥✉❝✲✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲✩♥✉❝✮✳✬❭❭◆ ✿✬✳✩❜r✐♥✷❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✰✩♥✉❝✰✶✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✭✩♥❜❣r❛♣❤✲✩♥✉❝✰✶✮✱ ❅✐♥tr❛♣❛✐r❡❜❛s❡✷✮ ❀
✩♥✉❝✰❂✶ ❀
✩❣r❛♣❤✰❂✶ ❀
⑥
t✐tr❡❧♦❝❛❧❣r❛♣❤❡ ✭✩❣r❛♣❤✲✶✱❅✐♥tr❛♣❛✐r❡❜❛s❡✷✮ ❀
s♦rt✐❡ ✭❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
★ P♦✉r ✐♠♣r✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ■♥t❡r ♣❛✐r❡s ❞❡ ❜❛s❡s
✩✜♥♥✉❝❂✩❜r✐♥✶✜♥✲✩❜r✐♥✶❞❡❜✉t ❀
❡♥t❡t❡ ✭❅✐♥t❡r❜❛s❡✮ ❀
♥♦♠❜r❡❣r❛♣❤❡s ✭✩✜♥♥✉❝✱❅✐♥t❡r❜❛s❡✮ ❀
t✐tr❡❣r❛♣❤❡ ✭✩✜♥♥✉❝✯✷✱❅✐♥t❡r❜❛s❡✮ ❀
❢♦r ✭ ♠② ✩❣r❛♣❤❂✵ ❀✩❣r❛♣❤❁✩✜♥♥✉❝✲✶ ❀✩❣r❛♣❤✰✰ ✮
④
♠② ✩♥✉❝❂✩❣r❛♣❤✰✩❜r✐♥✶❞❡❜✉t ❀
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥✉❝✲✶❪✳✬❭❭s✬✳✩♥✉❝✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✶❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥✉❝✰✶✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬❴s✶❴✺♣✸♣✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✩♥✉❝✰✶✱ ❅✐♥t❡r❜❛s❡✮ ❀
⑥
✩♥♦♠②❂✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✷❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✶✮✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲
✶❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✲✶✱ ✬❴s✶❴✺♣✸♣✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✱
❅✐♥t❡r❜❛s❡✮ ❀
✩✐♥t❡r✈❛❧❧❡❂✭✩♥❜❣r❛♣❤✲✩❜r✐♥✶✜♥✮ ❀
✩♥♦♠②❂✩❜r✐♥✷❬✩✐♥t❡r✈❛❧❧❡❪✳✬❭❭s✬✳✭✩✐♥t❡r✈❛❧❧❡✰✩♥❜❣r❛♣❤✰✶✮✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✷❬✩✐♥t❡r✈❛❧❧❡✰✶❪✳✬❭❭s✬✳✭✩✐♥t❡r✈❛❧❧❡✰✩♥❜❣r❛♣❤✰✷✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✱ ✬❴s✷❴✺♣✸♣✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✩✐♥t❡r✈❛❧❧❡✰✷✱ ❅✐♥t❡r❜❛s❡✮ ❀
✩✐♥t❡r✈❛❧❧❡✜♥❂✷✯✩✜♥♥✉❝ ❀
✩♥✉❝❂✩✐♥t❡r✈❛❧❧❡✰✶ ❀
✩❣r❛♣❤❂✩✜♥♥✉❝✰✶ ❀
✇❤✐❧❡ ✭ ✩❣r❛♣❤❁✩✐♥t❡r✈❛❧❧❡✜♥✮
④
♠② ✩♥♦♠②❂✩❜r✐♥✷❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✰✩♥✉❝✰✶✮✳✬❭❭◆✬✳✬❭✴✬✳✩❜r✐♥✷❬✩♥✉❝✰✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✰✩♥✉❝✰✷✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬❴s✷❴✺♣✸♣✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✩♥✉❝✰✷✱ ❅✐♥t❡r❜❛s❡✮ ❀
✩♥✉❝✰❂✶ ❀
✩❣r❛♣❤✰❂✶ ❀
⑥
s♦rt✐❡ ✭❅✐♥t❡r❜❛s❡✮ ❀
★ P♦✉r ✐♠♣r✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ❉✐✈❡rs
✷✾✼
✩✜♥♥✉❝❂✩❜r✐♥✶✜♥✲✩❜r✐♥✶❞❡❜✉t✰✶ ❀
❡♥t❡t❡ ✭❅❞✐✈❡rs✶✮ ❀
♥♦♠❜r❡❣r❛♣❤❡s ✭✩✜♥♥✉❝✲✶✱❅❞✐✈❡rs✶✮ ❀
t✐tr❡❣r❛♣❤❡ ✭✩✜♥♥✉❝✯✷✲✷✱❅❞✐✈❡rs✶✮ ❀
❢♦r ✭ ♠② ✩❣r❛♣❤❂✵ ❀✩❣r❛♣❤❁✩✜♥♥✉❝✲✷ ❀✩❣r❛♣❤✰✰ ✮
④
♠② ✩♥✉❝❂✩❣r❛♣❤✰✩❜r✐♥✶❞❡❜✉t ❀
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥✉❝✲✶❪✳✬❭❭s✬✳✩♥✉❝✳✬❭❭◆ ✴✬✳✩❜r✐♥✶❬✩♥✉❝❪✳✬❭❭s✬✳✭✩♥✉❝✰✶✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✭✩♥✉❝✰✶✮✱ ❅❞✐✈❡rs✶✮ ❀
⑥
t✐tr❡❧♦❝❛❧❣r❛♣❤❡ ✭✵✱❅❞✐✈❡rs✶✮ ❀
✩♥♦♠②❂✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✸❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✷✮✳✬❭❭◆ ✴✬✳✩❜r✐♥✶❬✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲
✷❪✳✬❭❭s✬✳✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✶✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✲✷✱ ✬✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♥♦r♠❛❧✬✱ ✭✩✜♥♥✉❝✰✩❜r✐♥✶❞❡❜✉t✲✶✮✱ ❅❞✐✈❡rs✶✮ ❀
✩✐♥t❡r✈❛❧❧❡❂✭✩♥❜❣r❛♣❤✲✩❜r✐♥✶✜♥✮ ❀
★ ✩♥♦♠②❂✩❜r✐♥✶❬✩✐♥t❡r✈❛❧❧❡✰✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✲✶✮✳✬❭❭◆ ✴✬✳✩❜r✐♥✶❬✩✐♥t❡r✈❛❧❧❡✰✷❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲
✩✐♥t❡r✈❛❧❧❡✮ ❀
✩♥♦♠②❂✩❜r✐♥✶❬✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✲✷❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✲✶✮✳✬❭❭◆ ✴✬✳✩❜r✐♥✶❬✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✲
✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲✩✐♥t❡r✈❛❧❧❡✮ ❀
❣r❛♣❤❡ ✭✩✜♥♥✉❝✲✶✱ ✬✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✭✩✐♥t❡r✈❛❧❧❡✰✷✮✱ ❅❞✐✈❡rs✷✮ ❀
✩✐♥t❡r✈❛❧❧❡✜♥❂✷✯✩✜♥♥✉❝✲✷ ❀
✩♥✉❝❂✩✐♥t❡r✈❛❧❧❡✰✶ ❀
✩❣r❛♣❤❂✩✜♥♥✉❝ ❀
✇❤✐❧❡ ✭ ✩❣r❛♣❤❁✩✐♥t❡r✈❛❧❧❡✜♥✮
④
♠② ✩♥♦♠②❂✩❜r✐♥✶❬✩♥❜❣r❛♣❤✲✩♥✉❝✲✷❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲✩♥✉❝✲✶✮✳✬❭❭◆ ✴✬✳✩❜r✐♥✶❬✩♥❜❣r❛♣❤✲✩♥✉❝✲✶❪✳✬❭❭s✬✳✭✩♥❜❣r❛♣❤✲
✩♥✉❝✮ ❀
❣r❛♣❤❡ ✭✩❣r❛♣❤✱ ✬✳♦✉t✬✱ ✑✱ ✬♦✛✬✱ ✩♥♦♠②✱ ✬♦♣♣♦s✐t❡✬✱ ✭✩♥✉❝✰✷✮✱ ❅❞✐✈❡rs✷✮ ❀
✩♥✉❝✰❂✶ ❀
✩❣r❛♣❤✰❂✶ ❀
⑥
t✐tr❡❧♦❝❛❧❣r❛♣❤❡ ✭✩❣r❛♣❤✲✶✱❅❞✐✈❡rs✷✮ ❀
s♦rt✐❡ ✭❅❞✐✈❡rs✶✮ ❀
★ P♦✉r ✐♠♣r✐♠❡r ✉♥ ❣r❛♣❤❡
❡♥t❡t❡ ✭❅✉♥❣r❛♣❤❡✮ ❀
♥♦♠❜r❡❣r❛♣❤❡s ✭✺✱❅✉♥❣r❛♣❤❡✮ ❀
t✐tr❡❣r❛♣❤❡ ✭✾✱❅✉♥❣r❛♣❤❡✮ ❀
❣r❛♣❤❡ ✭✷✱ ✬✳♦✉t✬✱ ✬❚❡♠♣s ✭♣s✮✬✱ ✬♦♥✬✱ ✧❑✐♥❦✧✱ ✬♥♦r♠❛❧✬✱ ✷✱ ❅✉♥❣r❛♣❤❡✮ ❀
s♦rt✐❡ ✭❅✉♥❣r❛♣❤❡✮ ❀
★P♦✉r ❧✬✐♠♣r❡ss✐♦♥ ❞❡ t♦✉s ❧❡s ♣❛r❛♠ètr❡s
❝❤❞✐r ✭✩r❡♣s♦rt✐❡✮ ❀
♠② ✩t♦✉r❂❅✐♥tr❛♣❛✐r❡❜❛s❡✷ ❀
♠② ✩❞❡❜✉t❂✵ ❀
✇❤✐❧❡ ✭✩❞❡❜✉t ❁✩t♦✉r✮
④
♠② ✩✜❝❤✶❂✩✐♥tr❛♣❛✐r❡❜❛s❡✶❬✩❞❡❜✉t❪✳✬✳❜❛t❝❤✬ ❀
✷✾✽ ❆♥♥❡①❡s
♠② ✩✜❝❤✷❂✩✐♥tr❛♣❛✐r❡❜❛s❡✷❬✩❞❡❜✉t❪✳✬✳❜❛t❝❤✬ ❀
s②st❡♠ ❵❝❛t ✩✜❝❤✶ ✩✜❝❤✷ ❃ t♦t♦✳❜❛t❝❤❵ ❀
s②st❡♠ ❵♠✈ t♦t♦✳❜❛t❝❤ ✩✜❝❤✶❵ ❀
✩❞❡❜✉t✰❂✶ ❀
⑥
✩❞❡❜✉t❂✵ ❀
✩t♦✉r❂❅❞✐✈❡rs✷ ❀
✇❤✐❧❡ ✭✩❞❡❜✉t ❁✩t♦✉r✮
④
♠② ✩✜❝❤✶❂✩❞✐✈❡rs✶❬✩❞❡❜✉t❪✳✬✳❜❛t❝❤✬ ❀
♠② ✩✜❝❤✷❂✩❞✐✈❡rs✷❬✩❞❡❜✉t❪✳✬✳❜❛t❝❤✬ ❀
s②st❡♠ ❵❝❛t ✩✜❝❤✶ ✩✜❝❤✷ ❃ t♦t♦✳❜❛t❝❤❵ ❀
s②st❡♠ ❵♠✈ t♦t♦✳❜❛t❝❤ ✩✜❝❤✶❵ ❀
✩❞❡❜✉t✰❂✶ ❀
⑥
✐♠♣r❡ss✐♦♥ ✭❅sq✉❡❧❡tt❡✮ ❀
✐♠♣r❡ss✐♦♥ ✭❅✐♥t❡r❜❛s❡✮ ❀
✐♠♣r❡ss✐♦♥ ✭❅✐♥tr❛♣❛✐r❡❜❛s❡✶✮ ❀
✐♠♣r❡ss✐♦♥ ✭❅❞✐✈❡rs✶✮ ❀
✐♠♣r❡ss✐♦♥ ✭❅✉♥❣r❛♣❤❡✮ ❀
✇❤✐❧❡ ✭ ❅✐♥tr❛♣❛✐r❡❜❛s❡✷ ✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅✐♥tr❛♣❛✐r❡❜❛s❡✷ ❀
♠② ✩s♦rt✐❡❂✩✜❝❤✐❡r✳✬✳❜❛t❝❤✬ ❀
♠② ✩r❡t❂✉♥❧✐♥❦ ✩s♦rt✐❡ ❀
⑥
✇❤✐❧❡ ✭ ❅❞✐✈❡rs✷ ✮
④
♠② ✭✩✜❝❤✐❡r✮❂s❤✐❢t ❅❞✐✈❡rs✷ ❀
♠② ✩s♦rt✐❡❂✩✜❝❤✐❡r✳✬✳❜❛t❝❤✬ ❀
♠② ✩r❡t❂✉♥❧✐♥❦ ✩s♦rt✐❡ ❀
⑥
❝❤❞✐r ✭✩♣✇❞✮ ❀
